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5.  INTRODUCTION 

5.A.  Purpose  of  the  Work 

Our  project  concerned  the  identification  and  isolation  of  a  breast  cancer  tumor  suppressor  gene  from  the 
short  arm  of  chromosome  3  (3p).  Our  Specific  Aims  were  designed  to:  1)  define  the  regions  of  3p 
undergoing  LOH  in  breast  cancer;  2)  test  known  3p  candidate  genes  for  mutations  in  breast  tumors,  3) 
isolate  additional  candidate  tumor  suppressor  genes  from  regions  we  defined  and  4)  characterize  the 
product(s)  of  these  genes  and  assess  their  involvement  in  breast  cancer.  We  have  made  substantial  progress 
towards  these  goals  including  the  evaluation  of  several  regions  for  involvement  in  breast  cancers  and  the 
isolation  of  potentially  important  candidate  genes.  In  the  early  stages  of  the  investigation,  we  identified  a 
region  of  homozygous  deletion  in  a  subset  of  breast  cancer  cell  lines  suggesting  that  a  tumor  suppressor 
gene  would  be  found  in  the  region  of  loss.  The  deletion  occurred  in  a  segment  of  DNA  within  a  few 
hundred  kilobases  (1  kb  =  1,000  base  pairs,  a  measure  of  distance  along  the  DNA  molecule)  of  a 
chromosomal  rearrangement  involving  chromosomes  3  and  8  which  is  associated  with  hereditary  kidney 
carcinoma  (Cohen  et  al.,  1979).  (It  is  often  the  case  that  a  tumor  suppressor  gene  is  involved  in  more  than 
one  type  of  cancer,  and  both  kidney  and  breast  cancers  are  of  epithelial  cell  origin.)  The  region  surrounding 
this  breakpoint  (located  in  band  3pl4.2)  was  one  of  the  possible  target  loci  described  in  our  original 
application.  We  rearranged  the  original  order  of  this  project's  specific  aims  to  permit  a  detailed  examination 
of  3pl4.2,  to  develop  necessary  DNA  reagents  for  thorough  study  of  the  target  area  and  to  identify  potential 
genes.  This  focus  allowed  assembly  of  completed  sequence  for  over  150  kilobases  of  DNA  and 
identification  of  a  number  of  potential  gene  coding  regions  (exons).  Subsequently,  we  discovered  that  the 
deletion  region  in  3pl4.2  was  subject  to  onging  genetic  instability  coincident  with  the  common  fragile  site 
(FRA3B).  We  explored  this  instability  phenomenon  in  some  detail  since  it  had  the  potential  to  provide 
important  insights  into  mechanisms  of  genetic  change  which  are  a  major  feature  of  breast  tumor  cells.  We 
found  that  ongoing  instability  was  variable,  as  a  breast  tumor  cell  line  had  little  instability  while  a  cervical 
tumor  line  had  a  great  deal.  We  also  directed  efforts  at  three  additional  deletion  sites  which  could  harbor 
important  breast  cancer  related  genes.  We  described  a  new  gene  in  proximal  3p21  and  developed  a  set  of 
contiguous  PAG  clones  covering  the  most  distal  homozygous  deletion  region  in  3p21.  (Distal  and  proximal 
refer  to  directions  along  the  chromosome,  with  distal  meaning  towards  the  telomere,  the  structure  which 
caps  the  chromosome  arm  and  proximal  meaning  towards  the  centromere.)  Our  Final  Progress  Report 
reviews  all  these  findings  and  places  them  into  context  with  regard  to  our  understanding  of  cancer. 

5.B  Nature  of  the  Problem 


Basic  concepts  especially  for  the  lay  reader  We  realize  that  the  scientific  literature  is  nearly  totally 
composed  of  technical  terms.  The  balance  of  the  Introduction  is  designed  to  explain  some  of  the  major 
concepts  guiding  this  project  in  terms  understandable  by  lay  individuals.  Throughout  the  balance  of  this 
report,  we  have  attempted  to  explain  new  concepts  in  similar  lay  terms. 

The  malignant  potential  of  any  tumor,  including  breast  cancer,  is  a  consequence  of  specific  alterations 
(mutations,  deletions,  amplifications,  etc.)  in  target  genes  that  regulate  the  growth  and  biologic  behavior  of 
cells.  (Genes  are  segments  of  DNA  which  encode  proteins;  DNA  is  "transcribed"  into  RNA  and  RNA  in 
turn  is  "translated"  into  protein.)  Whether  cells  grow  slowly  and  remain  localized,  or  proliferate  rapidly  and 
spread  to  distant  sites  (metastasize)  is  a  complex  process  involving  a  host  of  regulatory  genes.  For  example, 
loss  or  mutation  of  the  p53  tumor  suppressor  gene,  located  on  17p,  is  associated  with  instability  of  the 
genome  (entire  DNA  of  the  cell)  (Livingstone  et  al.,  1992)  and  a  worsened  prognosis.  This  instability 
results  in  an  enhanced  capacity  of  the  malignant  cell  to  undergo  DNA  rearrangements  leading  to  alterations 
in  critical  regulatory  genes.  Loss  of  normal  p53  function  is  also  associated  with  the  cell's  ability  to  escape 
death  or  cell  cycle  arrest  resulting  from  therapeutic  radiation  or  chemotherapy  (Lowe  et  al.,  1993). 

In  other  instances,  the  critical  regulatory  genes  have  yet  to  be  identified.  This  is  the  case  for  genes 
located  on  3p  although  some  important  candidates  have  been  discovered  in  target  regions.  Scientific 
investigations  have  provided  strong  evidence  pointing  to  where  certain  types  of  critical  genes  are  likely  to  be 
located.  For  example,  cytogenetic  studies,  which  examine  the  content  and  nature  of  chromosomes  within 
cells,  have  identified  certain  recurrent  abnormalities  in  cancers.  Specific  chromosomal  segments  have  been 
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found  to  be  increased  in  number  (amplified).  This  finding  is  expected  to  be  associated  with  overexpression 
of  a  gene  (because  of  its  increased  copy  number).  Such  genes,  for  example,  may  encode  growth  factor 
receptors  or  may  encode  proteins  that  mediate  resistance  to  chemotherapeutic  agents.  An  example  is 
provided  by  the  MDM2  gene  whose  protein  product  inhibits  the  activity  of  p53;  overexpression  of  MDM2  is 
thought  to  have  consequences  similar  to  mutation  in  p53.  In  contrast,  cytogenetic  studies  have  also  pointed 
to  recurrent  deletions  involving  specific  chromosomal  regions.  The  critical  genes  believed  to  be  encoded  in 
these  regions  are  referred  to  as  tumor  suppressor  genes,  the  type  of  gene  located  on  3p  which  has  been  the 
focus  of  our  investigation. 

The  nature  of  known  tumor  suppressor  genes  is  quite  varied.  Certain  tumor  suppressor  genes,  e.g.  pl6 
(an  inhibitor  of  the  cyclin  dependent  kinases  or  CDKs)  and  the  retinoblastoma  gene  (RB 1,  an  inhibitor  of 
the  E2F  transcription  factor),  control  cell  division  by  regulating  the  process  of  DNA  replication.  Some 
proposed  tumor  suppressor  genes,  such  as  the  chromosome  18  gene  DCC  (Deleted  in  Colon  Carcinoma), 
are  located  on  the  cell  surface.  DCC  has  been  shown  to  encode  a  receptor  for  a  netrin,  a  protein  involved  in 
nerve  growth  cone  development  (Keino-Masu  et  al.,  1996).  Although  a  mouse  mutation  which  destroys 
netrin  function  does  not  generate  murine  cancers,  this  may  result  from  differences  between  mice  and 
humans  (Fazeli  et  al.,  1997).  One  of  the  genes  we  identified  in  the  proximal  3p21.31  deletion  region  is 
Semaphorin  IV  (now  called  SEMA3I^  which  is  also  involved  in  nerve  growth  cone  guidance.  This 
suggests  that  molecules  initially  identified  in  signaling  pathways  associated  with  nerve  growth  cone 
guidance  may  be  involved  in  cancer.  Importantly,  Yamada  et  al.,  (Yamada  et  al.,  1997)  have  recently 
demonstrated  that  a  related  semaphorin  (semaphorin  E)  can  cause  non-MDR  drug  resistance  in  expressing 
cells.  In  addition,  SEMA3F  has  been  implicated  (Naylor  et  al.,  1998)  as  the  gene  responsible  for  the  3p21 
driven  tumor  suppression  observed  in  murine  A9  cells  (Killary  et  al.,  1992).  Of  potentially  major 
significance,  SEMA3F  is  now  known  to  interact  with  a  receptor  which  also  binds  VEGF,  an  important 
regulator  of  new  blood  vessel  formation.  Thus  SEMA3F  could  interfere  with  the  generation  of  new  blood 
supplies  for  growing  tumors  by  inhibiting  VEGF  signaling.  In  this  context,  SEMA3F  could  act  as  a  tumor 
suppressor  gene.  A  primary  feature  of  tumor  suppressor  genes  is  that  their  normal  function  is  lost  as  part  of 
tumor  development.  As  a  consequence,  a  regulatory  function  generally  affecting  growth  and  differentiation 
is  also  lost.  The  resulting  cell  may  divide  more  frequently  than  is  appropriate,  giving  rise  to  a  clone  or  small 
cluster  of  related  but  abnormal  cells  and  setting  the  stage  for  further  genetic  changes. 

5.C.  Methods  to  Isolate/Identifv  Tumor  Suppressor  Genes 

5.C.1  Positional  Cloning. 

Tumor  suppressor  genes  have  been  isolated  by  two  approaches.  Perhaps  the  most  frequently  used 
method  is  referred  to  as  "positional  cloning"  in  which  the  region  of  chromosomal  loss  is  defined  by 
molecular  (DNA)  probes  and  cytogenetic  analysis.  Because  a  visible  chromosome  deletion  represents  a  large 
expanse  of  actual  DNA,  it  is  necessary  to  narrow  the  target  region  as  much  as  possible.  In  one  approach, 
this  is  done  by  using  "polymorphic"  probes  which  can  distinguish  between  the  two  eopies  of  the 
chromosome  in  question  (each  being  inherited  from  one  parent).  In  the  tumor  DNA,  loss  of  one 
chromosomal  copy  is  referred  to  as  "loss  of  heterozygosity"  (abbreviated  LOH).  To  detect  LOH,  a  DNA 
probe  must  exist  which  corresponds  to  the  target  DNA  in  question  and,  importantly,  this  bit  of  DNA  must 
exhibit  a  frequent,  naturally  oceurring,  variation  in  the  population.  Such  variations  can  usually  be  detected 
experimentally  and  they  provide  a  means  to  identify  differences  between  the  two  chromosome  copies  in  any 
individual  tumor  sample.  Naturally  occurring  differences  in  DNA  sequence  are  not  uncommon  although 
some  types  of  DNA  sequences,  referred  to  as  "microsatellites",  exhibit  much  more  variation  than  other 
types.  Microsatellites  consist  of  repeated  pairs  of  nucleotides  (usually  cytosine  followed  by  adenosine, 
abbreviated  CA)  at  specific  chromosomal  sites  with  the  important  feature  that  the  number  of  pairs  is  variable 
from  person  to  person.  Since  the  natural  variation  of  markers  is  often  a  limiting  factor  even  with 
microsatellite  markers,  this  explains  the  general  necessity  to  test  fairly  large  numbers  of  tumor  samples  with 
different  DNA  probes.  The  goals  of  LOH  experiments  are  to  identify  one  or  more  target  regions  and  to 
narrow  such  regions  as  much  as  possible  prior  to  performing  gene  searches. 
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5.C.2  Candidate  Genes. 


A  second  approach  to  identifying  tumor  suppressor  genes  is  through  the  testing  of  candidate  genes. 
These  candidates  come  from  two  sources;  first,  genes  mapped  within  regions  of  recurrent  deletion  are  all 
considered  candidates  until  proven  otherwise,  and  second,  those  candidates  whose  known  function 
suggests  they  might  be  targets  independent  of  chromosomal  position.  A  number  of  potentially  important 
candidate  loci  have  been  identified  in  3p  target  regions  and  we  have  tested  some  of  these.  These  genes 
include  the  putative  coding  regions  within  3pl4.2,  the  SEMA3F  and  DEF-3  genes  in  3p21.31  and  cDNAs 
identified  in  3p21.33.  In  addition,  testing  is  ongoing  for  the patched-reXaXtd  gene  TRC8,  which  is  altered  by 
a  chromosomal  translocation  involving  3pl4.2  and  maps  to  a  chromosomal  region  frequently  amplified  in 
breast  tumors. 

5.C.3  Identification  of  Homozygous  Deletions  Facilitates  Positional  Cloning  of  Tumor  Suppressor  Genes 

LOH  studies  can  lead  to  the  identification  of  homozygous  deletions  in  tumors,  an  extremely  important 
finding  which  can  greatly  facilitate  the  precise  positioning  of  tumor  suppressor  genes.  Furthermore, 
homozygous  deletions  provide  one  of  the  best  ways  to  chose  particular  candidate  genes  from  a  larger  set, 
based  upon  their  location  within  the  minimal  deletion  defined  experimentally.  These  often  rare  events  thus 
provide  a  powerful  adjunct  to  LOH  and  candidate  gene  studies. 

A  homozygous  deletion  means  that  both  copies  of  a  chromosome  have  undergone  loss  for  a  particular 
segment  of  DNA  (see  diagram  below). 

Homozygous  Deletion  in  Tumor 


I  Chromosome  3 

I  I  from  mother 

Chromosome  3 
from  father 

i  Homozygous 
Deletion 
I  Region 

Figure  1.  Diagram  of  chromosome  3  homologues  with  overlapping  deletions  in  a  tumor. 

Such  deletions  represent  one  of  several  mechanisms  that  can  lead  to  the  complete  loss  of  a  tumor 
suppressor  gene.  While  tumors  frequently  lose  one  tumor  suppressor  gene  copy  by  undergoing  large 
chromosomal  deletions,  the  remaining  copy  is  usually  rendered  non-functional  by  other  genetic 
mechanisms.  These  can  include  point  mutations  and  gene  silencing  (caused  by  hypermethylation)  as  well  as 
a  second  deletion  leaving  a  complete  gap  in  the  genetic  material. 

5.C.4  Chromosome  3  deletions  in  breast  cancer. 

In  this  section,  we  present  a  summary  of  data  from  the  literature  regarding  genetic  deletions  of 
chromosome  3  in  breast  cancer.  Sato  et  al.  (Sato  et  al.,  1991)  examined  120  breast  cancers  for  loss  of 
heterozygosity  (LOH)  using  a  series  of  3p  polymorphic  loci.  Nearly  50%  of  the  informative  tumors 
(56/120)  demonstrated  LOH  involving  3p.  In  this  study,  the  3p  region  undergoing  the  greatest  loss  was 
3pl4.2-pl3  which  includes  the  homozygous  deletion  region  we  identified.  This  study  was  one  of  the  largest 
in  terms  of  the  number  of  tumors  examined  and  3p-derived  probes  tested.  One  significant  limitation  was  that 
the  type  of  probe  used  did  not  detect  sufficient  polymorphisms  to  allow  the  limits  of  the  3p  target  region  to 
be  defined  more  precisely.  A  cytogenetic  study  (chromosome  analysis  by  direct  microscopic  visualization) 
by  Pandis  et  al.  (Pandis  et  al.,  1993)  identified  3p  deletions  in  5  of  41  breast  carcinomas.  These  deletions 
appeared  nearly  identical  and  involved  the  3pl3(pl4)  region  implicated  above  using  LOH  analysis. 
Intriguingly,  in  3  of  the  5  cases  studied  by  Pandis  et  al.,  (Pandis  et  al.,  1993)  the  3p  deletion  was  seen  as 
the  only  recognizable  cytogenetic  abnormality.  This  suggests  that  3p  deletion  may  be  an  early  event  in  a 
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subgroup  of  breast  cancers.  Another  study  using  LOH  analysis  demonstrated  that  3p  loss  was  most 
frequently  seen  in  familial  breast  cancers  (Bergthorsson  et  al.,  1995).  The  highest  frequency  of  loss  (68%) 
was  with  a  probe  (D3S1217)  also  located  in  the  3pl4  region.  These  observations  are  significant  since  both 
BRCAl  and  BRCA2  appear  to  be  involved  in  recombination  and  DNA  repair  (Scully  et  al.,  1997b;  Scully  et 
al.,  1997a).  Our  previous  results  have  suggested  that  3pl4  deletions  result  from  the  loss  of  an  inherently 
unstable  segment  of  DNA  which  coincides  with  the  3pl4  common  fragile  site  (Boldog  et  al.,  1997).  These 
deletions  may  be  caused  by  recombinational  errors,  which  would  render  this  segment  particularly  sensitive 
to  loss  in  a  background  of  BRCAl  or  2  mutations.  Taken  together,  there  is  considerable  evidence  from 
multiple  investigators  using  different  techniques  which  supports  the  frequent  alteration  of  3pl4  during 
breast  cancer  development. 

Additional  data  from  LOH  and  cytogenetics  studies  implicate  other  3p  regions  that  may  harbor  genes 
important  in  breast  cancer.  Chen  et  al  (Chen  et  al.,  1994)  found  LOH  within  3pl3-14, 3p21-22  and  3p24- 
26  along  with  one  case  of  homozygous  deletion  in  3pl3  likely  corresponding  to  our  FRA3B  associated 
homozygous  deletions.  All  three  of  these  target  sites  have  been  previously  implicated  in  other  carcinomas, 
particularly  of  lung.  Hainsworth  et  al.,  (Hainsworth  et  al.,  1991)  found  frequent  chromosomal  breakpoints 
at  3p21  which  can  be  indicative  of  gene  disruption  or  deletion.  In  a  study  by  Ali  et  al,  (Ali  et  al.,  1989),  the 
shortest  region  of  common  loss  was  between  the  markers  D3F15S2  and  RAFl,  spanning  the  chromosomal 
region  3p21-p25  and  a  similar  study  by  Devilee  et  al  (Devilee  et  al.,  1989)  found  the  pl4  to  p21  region 
commonly  deleted.  Several  other  studies  corroborate  these  findings  having  observed  interstitial  3p  deletions 
(Teixeira  et  al.,  1996)  or  other  structural  changes  affecting  this  chromosome  (Lu  et  al.,  1993).  Intriguingly, 
Buchagen  et  al.,  (Buchhagen  et  al.,  1994)  identified  one  apparent  rearrangement  and  one  homozygous 
deletion  for  the  probe  D3S2,  known  to  map  within  proximal  3p21. 1  (Gemmill  et  al.,  1991)  very  close  to  the 
SEMA3F  deletion  region  (Roche  et  al.,  1996).  These  studies  all  implicate  multiple  target  regions  on  3p 
which  appear  to  be  very  similar  to  regions  identified  from  studies  on  carcinomas  derived  from  other  tissues. 
Based  on  these  studies,  our  efforts  focused  on  three  homozygous  deletion  regions.  We  demonstrated  that 
3pl4  is  inherently  unstable  in  tumor  cells  with  p53  mutations.  We  believe  that  instability  is  the  primary 
event  affecting  3pl4,  although  it  has  not  been  possible  to  ruled  out  loss  of  a  tumor  suppressor  function  as 
well.  Regardless,  it  may  be  possible  to  use  the  status  of  3pl4  as  a  biomarker  for  diagnostic  or  prognostic 
tests.  We  have  examined  two  candidate  genes  in  proximal  3p21  and  have  completed  a  search  for 
homozygous  deletions  over  an  estimated  750  kb  of  the  distal  deletion  region  in  3p21.  Our  discovery  of  the 
TRC8  gene  has  generated  new  possibilities  for  investigation,  although  ttese  will  have  to  be  supported  by 
other  mechanisms  since  this  current  project  has  ended. 

6.  BODY 

In  this  section,  we  summarize  the  progress  made  throughout  the  four  years  of  this  project  and  provide 
references  to  publications.  Some  of  the  more  recent  results  are  being  prepared  for  publication.  Our  most 
recent  efforts  have  included  investigating  the  functions  and  potential  roles  for  genes  in  the  proximal  3p21 
region.  In  addition,  our  discovery  of  the patched-xddAtd  gene,  TRC8  (Gemmill  et  al.,  1998),  has  led  to 
important  investigations  to  understand  its  role  in  cancers.  While  TRC8  does  not  map  to  3p,  it  is  located  in 
8q24,  a  region  of  frequent  amplification  in  breast  tumors. 

6.A.  3pl4  alterations  in  breast  carcinomas. 

6. A.  1  Examination  of  breast  cancer  cell  line  DNAs  for  homozygous  deletions  in  3pl4. 

Southern  blot  hybridizations  with  probes  from  3pl4  detected  homozygous  deletions  or  rearrangements 
in  DNAs  from  breast  cancer  cell  lines  (Boldog  et  al.,  1997).  Of  the  13  breast  carcinoma  cell  lines  tested,  one 
contained  a  discontinuous  deletion  while  two  were  apparently  rearranged.  We  developed  a  ~300  kb 
cosmid/lambda  (DNA  clone)  contig  in  the  region  of  the  homozygous  deletions  (Boldog  et  al.,  1997).  From 
sequence  and  hybridization  data,  we  showed  that  the  cloned  region  corresponds  to  the  most  inducible 
common  fragile  site  in  the  genome,  FRA3B  (Glover  et  al.,  1984).  Fragile  sites  are  DNA  regions  which  are 
unstable.  In  a  few  cases  of  ime  fragile  sites,  their  nature  has  been  elucidated  at  the  DNA  sequence  level  and 
appears  to  be  due,  at  least  in  part,  to  an  expanded  triplet  repeat  which  may  interfere  with  normal  DNA 
replication.  Our  results  clearly  demonstrated  that  FRA3B  represents  a  region  of  DNA  rather  than  a  single 
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site  and  does  not  contain  an  obvious  triplet  repeat.  Where  we  have  accurately  defined  the  boundaries  for  the 
carcinoma-associated  deletions,  one  or  both  are  contained  within  FRA3B,  showing  that  these  deletions 
overlap  the  fragile  site. 

During  our  studies,  Ohta  et  al.  (Ohta  et  al.,  1996)  identified  the  FHIT  gene  from  3pl4,  reporting 
frequent  abnormalities  in  RT-PCR  products  from  carcinoma  cell  lines  derived  from  colorectal  and  lung 
tumors.  (In  RT-PCR  experiments,  RNA  is  isolated  and  reverse  transcribed  into  cDNA.  PCR  primers  are 
then  used  to  greatly  amplify  this  product  using  the  polymerase  chain  reaction  which  can  then  be  examined 
for  its  correct  size  or  its  DNA  sequence  can  be  determined.)  These  observations  were  subsequently  extended 
to  breast  carcinomas  (Ahmadian  et  al.,  1997;  Panagopoulos  et  al.,  1996;  Negrini  et  al.,  1996).  In  our 
previous  Progress  Reports,  we  outlined  multiple  reasons  for  skepticism  about  these  results.  Our  own 
studies  have  led  us  to  conclude  that3pl4  is  inherently  unstable,  particularly  in  tumors  with  p53  mutations 
(Boldog  et  al.,  1997).  This  instability  appears  to  be  the  primary  driving  force  for  deletions  affecting  3pl4. 
All  of  the  data  regarding  the  FHIT  gene  can  be  readily  understood  as  the  result  of  a  bystander  effect  in 
which  FHIT  is  damaged  as  a  consequence  of  deletions  within  an  unstable  region.  Whether  or  not  these 
deletions  confer  a  selective  advantage  to  tumor  cells  is  to  date  an  unanswered  question.  However,  more 
recent  results  from  Dr.  J  Roth  have  demonstrated  that  FHIT  can  act  in  a  suppressive  manner  (Ji  et  al., 

1999).  Whether  or  not  this  recapitulates  events  in  vivo  awaits  further  analysis. 

6.  A. 2  DNA  Sequencing  and  Analysis 

We  undertook  DNA  sequencing  studies  as  a  means  to  identify  genes  and  to  understand  the  instability  of 
the  region  (Boldog  et  al.,  1997).  DNA  sequencing  was  completed  and  deposited  in  the  public  databases  for 
approximately  180  kb  and  our  analysis  of  the  sequence  features  has  been  published  for  a  contiguous  stretch 
of  110  kb  (Boldog  et  al.,  1997).  (The  DNA  sequence  analysis  involves  computer  algorithms  to  identify  all 
repetitive  DNA  sequences,  identities  and  similarities  to  known  genes  contained  in  various  databases, 
predicted  gene  segments  and  various  other  structural/compositional  features.)  We  found  the  region  to  be 
very  high  in  A-T  base  pair  content  with  frequent  LINE  and  MER  repetitive  elements,  and  conversely  low  in 
Alu  repetitive  elements  and  confirmed  genes.  In  contrast  to  the  reported  rare  folate-sensitive  fragile  sites, 
which  are  associated  with  expanded  CGG  repeats  (Pintado  et  al.,  1995;  Nancarrow  et  al.,  1995),  FRA3B 
did  not  contain  an  expanded  triplet  repeat  or  methylated  CpG-island.  Inoue  et  al.,  (Inoue  et  al.,  1997) 
subsequently  sequenced  207  kb  of  this  region  which  partially  overlapped  our  data  and  extended  the 
sequence  by  130  kb  in  the  telomeric  direction.  These  additional  data  show  the  region  continues  to  be  AT  rich 
and  still  lacks  a  triplet  repeat.  Our  sequence  data  identified  a  number  of  putative  exonic  sequences  which  we 
investigated;  the  results  are  described  briefly  below. 

6. A. 3  Additional  genes  in  FRA3B  and  3pl4? 

Sequence  data  for  3pl4.2  revealed  a  number  of  potential  gene  encoding  regions  within  FRA3B  in 
addition  to  FHIT.  Many  exons  were  predicted  by  GRAIL2  and  GeneMark  exon  prediction  programs 
(Borodovsky  and  Mclninch,  1993),  but  nearly  all  occurred  within  repetitive  elements  of  the  LINE  and  MER 
families.  Some  showed  identity  with  an  EST  from  the  dbEST  sequence  database,  but  these  were  discarded 
as  candidate  genes  because  they  appeared  to  be  primed  from  a  genomic  poly-A  tract  and  were  co-linear  with 
genomic  DNA.  (ESTs  are  short  DNA  sequences  obtained  from  the  ends  of  cDNA  clones.  While  most 
cDNA  clones  represent  parts  of  genes,  there  are  some  which  are  derived  from  incompletely  spliced  RNA 
and  others  which  may  represent  DNA  contamination  in  the  library.)  Of  five  highly  predicted  exons  which 
remained,  none  showed  similarity  to  known  genes.  Several  exons  with  lower  probability  scores  occured  in 
regions  which  were  identified  by  other  experimental  evidence.  Thus,  this  portion  of  the  deletion  region  has 
the  potential  to  encode  more  genes  than  FHIT. 

We  previously  described  results  on  several  putative  exons  including  X58,  GB  and  HRCAl.  Despite  the 
evidence  from  RT-PCR  experiments  suggesting  expression  of  these  three  putative  genes,  all  were  found  to 
be  negative  on  Northern  blots.  We  currently  believe  that  these  putative  exons  were  expressed  as  read- 
through  transcripts.  The  large  amount  of  sequence  data  available  from  our  efforts  and  from  Inoue  et  al., 
(Inoue  et  al.,  1997)  provides  a  much  more  in  depth  analysis  of  the  region.  At  this  time,  there  appears  to  be 
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no  compelling  evidence  that  any  additional  genes  are  present  in  this  region.  We  also  undertook  a  series  of 
functional  tests  to  identify  potential  tumor  suppressor  genes  within  YAC  clones  (yeast  artificial 
chromsomes)  containing  human  DNA  from  3pl4.  We  introduced  a  selectable  marker  (by  retrofitting)  into 
YAC  74B2g  and  transfected  the  intact  YAC  into  murine  A9  fibrosarcoma  cells.  Initial  testing  of  the 
tumorigenic  potential  of  A9  parental  and  74B2g  transfected  cells  in  nude  mice  suggested  that  the  74B2g 
transfectant  was  highly  suppressed  in  its  ability  to  form  tumors.  These  experiments  have  now  been  repeated 
and  no  differences  were  observed.  These  observations  illustrate  the  difficulties  in  performing  such  analyses. 
It  is  likely  that  the  original  evidence  for  tumor  suppression  was  due  to  clonal  variation. 

6.  A. 4  Ongoing  instability  of  3p  14. 

The  lack  of  genes  in  3pl4.2,  other  than  FHIT,  coupled  with  the  problematic  evidence  used  to  support  a 
tumor  suppressive  function  for  this  gene,  led  us  to  consider  alternative  explanations  for  the  deletions  within 
this  region.  A  likely  hypothesis  was  that  the  presence  of  I7RA3B  sequences  made  the  region  inherently 
unstable  in  carcinoma  cell  lines.  This  possibility  was  suggested  by  the  often  discontinuous  deletions  we 
observed  in  carcinomas,  including  the  breast  tumor  MDA231.  We  reasoned  that  if  the  region  was  inherently 
unstable,  then  carcinoma  cell  lines  which  still  retained  much  of  the  region  might  be  progressively  deleting 
more  of  FRA3B  and  these  events  could  be  measured.  Our  strategy  was  to  subclone  two  lines  with  known 
deletions  and  to  analyze  their  DNA  for  alterations  within  FRA3B  using  PCR  and  Southern  blots  (see  Figure 
2  from  our  1998  Progress  Report).  Originally,  we  found  that  11  of  25  CC19  subclones  (44%)  had  new 
deletions,  no  two  of  which  were  identical.  This  analysis  was  expanded  to  a  total  of  33  sub-clones  of  which 
16  contained  new  deletions  (48%).  These  results  could  have  been  explained  by  ongoing  instability  or  by  the 
sub-cloning  of  variants  which  were  already  present  in  the  population.  To  distinguish  between  these 
possibilities,  we  performed  a  second  sub-cloning  experiment  using  a  previous  sub-clone  of  CC19  which 
showed  no  evidence  for  new  deletion  (CC19  sub-clone-7).  We  reasoned  that  if  instability  was  truly 
ongoing,  then  a  sub-clone  without  new  deletions  should  show  evidence  for  instability  after  a  period  of 
growth  followed  by  sub-cloning  once  again.  We  grew  CC19  sub-clone-7  for  10  passages,  re-subcloned  it 
and  analyzed  64  sub-clones  finding  two  (3%)  with  definitive  evidence  for  new  deletions.  This  low  rate 
suggested  that  deletions  in  the  original  sub-clones  had  accumulated  over  time,  while  the  presence  of  new 
deletions  in  CC19  sub-clone-7  derived  cells  confirmed  that  deletions  were  ongoing.  In  contrast,  the  breast 
tumor  cell  line  MDA231  showed  no  evidence  for  new  deletions  after  a  similar  period  of  culture  and 
subcloning.  Thus  we  identified  a  major  difference  between  cell  lines,  both  of  which  contain  p53  alterations 
and  3pl4  deletions.  In  one  case  the  deletions  are  ongoing  at  a  high  rate  while  in  the  second  the  deletion 
appears  stable.  The  nature  of  this  fundamental  difference  is  at  present  unknown. 

Efforts  to  extend  these  results  by  examining  the  effects  of  activated  RAS  and  MAP  kinase  kinase 
(MKK)  pathways  on  this  deletion  rate  are  ongoing.  Once  this  analysis  is  completed,  it  will  be  published  as  it 
provides  important  insight  into  the  mechanism  of  deletions  in  this  region.  Activated  RAS  has  teen  shown  to 
induce  chromosome  breaks  and  other  aberrations  in  NIH  3T3  cells  with  p53  mutations.  In  collaboration 
with  Dr.  Natalie  Ahn  (Univ.  of  Colorado,  Boulder)  we  have  introduced  a  mutant  RAS  expression  construct 
into  CC19  cells.  The  RAS  mutation  replaces  the  histidine  at  condon  61  with  a  leucine,  rendering  the  protein 
GTPase  deficient  and  constitutively  active.  RAS  H61L  has  been  incorporated  into  the  pZIP  mammalian 
expression  vector  and  is  expressed  under  control  of  the  CMV  promoter.  RAS  H61L  transfectants  of  CC19 
and  control  parental  cells  have  both  teen  suteloned  (43  parental  and  38  RAS  transfectants  subclones, 
respectively).  We  are  testing  DNA  from  these  cells  for  the  presence  of  new  3pl4  deletions  and  to  determine 
if  activated  RAS  alters  deletion  rates. 

6. A. 5  Summary  and  Significance  of  3pl4  Findings 

The  identification  of  a  DNA  segment  which  undergoes  recurrent  homozygous  deletion  and 
rearrangement,  as  we  have  observed  for  this  region  of  3pl4,  initially  suggested  that  it  encoded  a  tumor 
suppressor  gene.  However,  at  the  present  time  our  data  do  not  support  FHIT  as  the  3pl4.2  tumor 
suppressor  .  We  proposed  an  alternative  hypothesis;  that  genomic  instability  per  se  may  lead  to  the  observed 
deletions.  While  there  are  putative  exons,  there  is  no  further  support  that  these  represent  functional  genes. 
These  sequences  have  no  matches  in  databases  and  we  have  observed  no  evidence  for  expression  by 
Northern  blots.  To  the  best  of  our  knowledge,  this  region  undergoes  loss  as  a  result  of  genomic  instability 
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and  not  through  selection  against  a  tumor  suppressor  gene  (Boldog  et  al.,  1997).  We  were  the  first  to 
propose  this  alternative  hypothesis  for  the  origin  of  3pl4  deletions.  It  is  based  upon  our  detailed  sequence 
analysis,  gene  searching,  deletion  analysis  and  functional  assays,  much  of  which  has  been  supported  under 
the  auspices  of  this  grant.  We  find  it  very  interesting  however  that  there  are  marked  differences  in  the  rates 
of  de  novo  deletions  involving  this  region  in  different  tumor  cells.  These  differences  are  not  explained  by 
p53  mutations  and  suggest  additional  alterations  which  influence  genomic  instability  in  this  region.  Such 
mechanisms  would  have  the  capacity  to  effect  the  development  and  progression  of  breast  cancer.  Our  efforts 
to  understand  the  specific  mechanisms  leading  to  instability  of  FTIA3B  will  continue,  despite  the  end  of  this 
project.  The  results  should  provide  significant  insights  into  this  overall  process  which  is  such  a  key  event  in 
development  of  breast  cancers.  Furthermore,  this  understanding  could  lead  to  improved  tests  for  detecting 
such  changes  in  the  early  stages  of  carcinogenesis. 

6.B.  The  TRC8  Gene 

6.B.  1  The  t(3;8)  breakpoint  interrupts  a  novel  Pa/c/fci-related  gene,  TRC8. 

Our  results  above  suggested  that  the  only  gene  within  the  3pl4/FRA3B  region  was  FHIT. 

However,  this  left  unanswered  the  question  of  what  the  3;8  translocation  was  doing  to  induce  hereditary 
cancer.  Our  discovery  of  the  TRC8  gene,  related  to  the  Sonic  Hedgehog  (SHH)  receptor,  patched  (PTCH), 
has  begun  to  provide  answers  to  this  question. 

The  hereditary  3;8  translocation  associated  with  3pl4  provided  one  of  the  strongest  reasons  for 
believing  that  this  band  contained  a  tumor  suppressor  gene.  It  had  been  assumed  by  many  investigators  that 
the  translocation  interrupted  a  tumor  suppressor  gene  which  was  also  deleted  in  many  sporadic  carcinomas 
including  breast  tumors.  Although  FHIT  appeared  to  meet  these  expectations  when  first  discovered,  a 
substantial  body  of  evidence  now  exists  refuting  this.  As  a  result,  we  explored  the  alternative  possibility  that 
this  translocation  involved  a  gene  on  chromosome  8.  The  recent  observation  by  Geurts  et  al.,  (Geurts  et  al., 
1997)  that  FHIT  was  fused  to  the  HMGI(C)  gene  in  a  benign  parotid  adenoma  suggested  that  a  similar 
fusion  might  result  from  the  (3;8)  translocation.  To  further  our  understanding  of  the  genetic  events  which 
can  affect  3pl4,  we  undertook  RACE  experiments  to  identify  any  such  gene  fusions.  We  discovered  that 
FHIT  is  indeed  fused  to  a  novel  chromosome  8  gene,  which  we  named  TRC8  (Gemmill  et  al.,  1998),  and 
that  this  gene  showed  significant  similarity  to  patched  (PTCH),  the  receptor  for  the  sonic  hedgehog  (SHH) 
signaling  molecule.  This  is  of  major  significance  for  several  reasons.  Mutations  in  PTCH  are  responsible 
for  the  basal  cell  nevus  syndrome,  a  hereditary  form  of  skin  cancer,  and  are  frequently  found  in  sporadic 
basal  cell  carcinomas  as  well  as  meduloblastomas.  Thus  TRC8  is  related  to  a  known  tumor  suppressor  gene 
and  may  function  in  an  analogous  fashion.  However  it  is  important  to  understand  that  we  do  not  yet  know  if 
TRC8  will  act  as  a  recessive  tumor  suppressor  or  as  a  dominant  oncogene.  This  region  of  chromosome  8 
has  been  demonstrated  by  Wigler  et  al.,  (Lucito  et  al.,  1998)  to  harbor  several  independent  amplification 
domains  in  breast  tumors.  Thus  it  is  possible  that  TRC8  is  affected  by  one  of  these  amplification  domains 
and  we  are  exploring  this  possibility.  We  have  established  a  collaboration  with  Dr.  Fujio  Kasumi  at  the 
Japanese  Foundation  Cancer  Institute  in  Tokyo  who  has  provided  matched  tumor/normal  DNA  samples 
from  breast  tumors.  These  samples  are  being  analyzed  for  TRC8  copy  number  and  where  possible,  for 
levels  of  TRC8  expression.  Such  data  should  help  establish  whether  or  not  TRC8  is  a  target  for 
amplification  in  breast  cancers.  SAGE  data  available  from  the  NCBl  also  supports  this  idea  as  a  breast 
adenocarcinoma  cell  line  shows  significant  (lOX)  overexpression  of  TRC8. 

6.B  .2.  A  Drosophila  Homolog  for  TRC8. 

We  have  discovered  a  homolog  of  TRC8  in  Drosophila  (dTRC8)  and  have  obtained  some  direct 
evidence  for  function,  albeit  preliminary.  Using  the  technique  of  double  stranded  RNA  inhibition,  we  have 
shown  that  early  embryogenesis  in  Drosophila  is  disrupted  when  dTRC8  is  inhibited.  Many  embryos  die 
with  cuticle  defects  consisting  of  holes  in  their  ventral  surface.  Complementary  experiments  with  transgenic 
flies  carrying  an  inducible  version  of  the  dTRC8  gene  have  demonstrated  high  levels  of  lethality  when  the 
gene  is  overexpressed.  The  resulting  embryos  also  show  cuticle  defects  but  the  spectrum  is  different, 
consisting  mostly  of  anal  structures  with  more  anterior  elements  absent.  Identification  of  the  Drosophila 
homolog  has  provided  us  with  an  important  opportunity  to  define  the  function  of  TRC8  in  a  simpler  context. 
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In  particular,  we  are  working  to  define  the  pathway  that  TRC8  belongs  to  and  thus  uncover  an  entire  set  of 
interacting  genes  which  will  need  to  be  examined  for  alterations  in  carcinomas.  Our  discovery  of  TRC8  led 
to  a  funded  grant  proposal  and  to  a  recently  submitted  proposal  on  the  Drosophila  homolog. 

6.C.  Investigation  of  3p21.31  in  Breast  Carcinomas. 


6.C.I.  Known  and  Predicted  Genes  in  3p21.31. 


Significant  evidence  exists  supporting  the  hypothesis  that  3p21  harbors  one  or  more  potential  tumor 
suppressor  genes  (reviewed  in  our  1997  Progress  Report).  First,  the  region  has  the  highest  frequency  of 
LOH  in  many  carcinomas  and  has  been  the  target  of  homozygous  deletions  in  cell  lines  and  uncultured 
tumors.  Importantly,  the  involvement  of  this  region  has  been  repeatedly  suggested  by  LOH  studies  in  breast 
cancer.  Secondly,  functional  studies  by  Killary  et  al.,  (Killary  et  al.,  1992)  have  shown  that  DNA  segments 
from  this  region  will  suppress  tumorigenicity  of  the  mouse  fibrosarcoma  cell  line,  A9.  Clone  contigs  and 
continuous  DNA  sequence  data  are  available  for  this  entire  region  and  over  10  genes  have  been  identified. 
The  major  genes  in  this  interval  are  shown  in  the  Figure  below. 


Two  of  these  genes,  SEMA3F  (SEMAIV)  and  DEF-3,  were  isolated  by  our  efforts  (Roche  et  al.,  1996; 
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Drabkin  et  al.,  1999)  and  we  have  made  substantial  progress  in  understanding  their  structure  and  functions, 
as  described  later  below. 


6.C.2.  Analysis  by  PCR  for  3p21.31  Homozygous  Deletions  in  Breast  Carcinomas. 

In  our  1997  Progress  Report,  we  described  a  detailed  search  for  homozygous  deletions  in  breast 
cancer  lines  using  the  polymerase  chain  reaction  (PCR).  PCR  analyses  were  used  to  assess  these  lines  for 
homozygous  deletions  in  the  3p21.31  area  corresponding  to  the  map  shown  above.  PCR  results  were 
obtained  for  12  cell  lines  with  1 1  markers  corresponding  to  each  gene  in  the  region.  This  analysis  found  no 
evidence  of  homozygous  deletions  with  this  set  of  cell  lines  and  markers.  However,  another  group  has 
identified  a  homozygous  deletion  in  a  breast  cancer  cell  line  involving  this  region  (Sekido  et  al.,  1998). 

6. C.3  Investigation  of  SEMA3F. 

The  rationale  for  studying  this  region  derived  from  three  overlapping  homozygous  deletions  in  small  cell 
carcinomas,  one  of  which  we  identified.  Furthermore,  most  tumor  suppressor  genes  are  involved  in  more 
than  one  type  of  carcinoma,  strongly  suggesting  that  the  same  genes  would  be  important  in  breast  cancers. 
Within  this  deletion  region,  we  as  well  as  two  other  groups  identified  the  SEMA3F  gene  (Roche  et  al., 

1996;  Sekido  et  al.,  1996;  Xiang  et  al.,  1996)  which  encodes  a  member  of  the  semaphoiin/collapsin  family. 
While  the  function  of  this  gene  family  was  initially  associated  with  the  migration  of  nerve  growth  cones,  the 
broad  expression  patterns,  gene  knock-out  studies  and  the  finding  that  semaphorin  E  could  mediate 
multidrug  resistance  (Yamada  et  al.,  1997)  argues  that  these  genes  are  extremely  important  in  non-neural 
development.  Semaphorin  E,  related  to  SEMA3F,  has  recently  been  shown  to  be  responsible  for  at  least 
some  drug  -resistant  phenotypes  encountered  in  tumor  cells  (Yamada  et  al.,  1997).  Yamada  et  al.,  (Yamada 
et  al.,  1997)  selected  for  cDNAs  which  were  capable  of  conferring  resistance  to  cis-platinum  in  Cos-7  cells. 
The  primary  clone  recovered  was  semaphorin  E  and  transfection  of  this  clone  could  confer  resistance  to 
other  cell  lines. 

The  region  of  3p21.3  including  SEMA3F  was  shown  by  Killary  et  al.,  (Killary  et  al.,  1992)  to  confer 
tumor  suppression  when  introduced  into  murine  A9  fibrosarcoma  cells.  In  subsequent  studies  using 
individual  PI  clones,  SEMA3F  was  implicated  but  the  data  were  inconsistent  (Todd  et  al,  1996).  More 
recent  studies  from  the  Naylor  lab  (Naylor  et  al.,  1998)  have  provided  additional  evidence  that  SEMA3F 
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may  mediate  the  suppression  of  A9  tumorigenesis.  Whereas  parental  A9  cells  undergo  apoptosis  in  response 
to  chemotherapeutic  drugs,  SEMA3F  expressing  clones  do  not  and  are  instead  growth  arrested.  It  is  also 
very  interesting  that  the  receptors  for  SEMA3F  include  neuropilins  1  and  2,  apparently  in  concert  with 
plexins.  Importantly,  recent  studies  have  shown  that  the  angiogenic  factor,  VEGEj^j,  also  binds  the 
neuropilins.  Thus  there  is  the  liklihood  of  complex  inhibitory  interactions  between  this  secreted  semaphorin 
and  VEGFjgj,  in  the  regulation  of  angiogenesis  and  perhaps  cell  migration.  SEMA3F  may  indeed  be  a 
critical  gene  in  breast  tumors,  despite  the  absence  of  clear  deletions  in  these  tumors. 

Our  studies  on  the  semaphorin  molecule  have  included  the  development  of  polyclonal  antibodies  specific 
for  SEMA3F.  Because  of  the  high  degree  of  conservation  among  the  family  members,  this  was  not  a  trivial 
task.  While  these  antibodies  (directed  against  a  unique  peptide)  appear  to  work  well  for 
immunohistochemistry,  they  do  not  work  on  Western  blots.  We  have  found  that  the  normal  membrane 
staining  for  SEMA3F  is  lost  and  that  this  correlates  inversely  with  staining  for  VEGF.  This  appears  to  be  a 
very  fruitful  area  for  investigation  which  we  plan  on  continuing.  We  generated  mammalian  expression 
constructs  for  SEMA3F  and  introduced  these  into  mouse  A9  cells.  Unlike  the  results  from  the  Naylor  lab 
(Naylor  et  al.,  1998),  we  observed  no  difference  in  tumorigenicity.  However,  while  expression  of  the 
recombinant  gene  was  clearly  evident  at  the  RNA  level,  we  have  been  unable  to  clearly  demonstrate  the 
presence  of  recombinant  SEMA3F  protein.  The  difficulties  included;  1)  the  mouse  and  human  genes  are 
very  identical,  2)  SEMA3F  is  a  secreted  molecule  with  a  signal  sequence  at  its  amino  terminus  such  that 
epitope  tags  cannot  be  placed  in  this  region,  3)  the  carboxy  terminus  of  the  semaphorins  have  been  reported 
to  undergo  furin  mediated  cleavage  making  this  site  problematic  for  an  epitope  tag.  Analysis  of  the 
transfected  A9  cells  using  our  polyclonal  antibody  indicated  that  a  small  subgroup  express  the  human 
protein  at  high  levels.  We  think  this  is  due  to  the  variable  copy  number  of  the  episomal  vector  used  for  the 
construct. 

6.C.4  Investigation  of  DEF-3(NY-LU-I2/gl6) 

We  noted  that  each  of  the  initial  three  homozygous  deletions  involving  3p21.31  appeared  to  be  clustered 
at  their  telomeric  boundaries.  Therefore,  we  looked  for  a  gene  which  might  be  commonly  interrupted  by 
these  alterations.  DEF-3  is  a  novel  sequence  which  was  isolated  originally  by  us  as  a  partially  processed 
cDNA  (LI -204)  containing  a  single,  very  small  exon  (Roche  et  al.,  1996).  We  subsequently  cloned  the  full 
length  cDNA  from  both  human  and  mouse  and  found  that  the  predicted  protein  has  significant  homologies 
to  RNA  binding  proteins  (see  Figure  below)  with  multiple  domains  for  RNA  binding  and  protein-protein 
interactions. 


hDEF-3  (gl6/NY-LU-12). 
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Domains  of  hDEF-3.  RNA  recognition  motifs  (RRM),  octamer  repeat  (8mer),  coiled  coil  (CC),  zinc 
finger  (ZnF)  and  nuclear  localization  signal  (NLS)  are  indcated. 


RNA  binding  proteins  are  involved  in  a  diversity  of  biological  functions  affecting  RNA  processing, 
half-lives  and  expressibility.  Interestingly,  antibodies  against  RNA  binding  proteins  have  been  identified  in 
some  breast  cancer  patients  with  the  POMA  syndrome  resulting  from  antibodies  directed  against  the  RNA 
binding  protein  Nova-1  (Buckanovich  et  al.,  1996).  Gure  et  al.,  (Gure  et  al.,  1998)  have  independently 
identified  antibodies  against  DEF-3/NY-LU-12  in  some  patients  with  lung  cancer.  These  observations  raise 
the  possibility  that  antibodies  against  DEF-3  could  be  related  to  certain  deletions  in  3p21 .  Our  efforts  on  this 
gene  have  led  us  to  define  a  new  family  of  RNA  binding  proteins  and  to  demonstrate  that  DEF-3  and  an 
adjacent,  co-deleted,  family  member  (LUCA15)  bind  poly  (G)  homopolymers  in  vitro  (see  Figure  5  in 
Drabkin  et  al.,  (1999)  in  Appendix).  Moreover,  the  RNA  recognition  domains  of  DEF-3  and  LUCA15  are 
non-reactive  with  antibodies  from  patients  with  the  Hu  syndrome.  Anti-Hu  sera  were  tested  because  the 
RRMs  of  DEF-3  and  LUCA  15  are  similar  to  those  from  the  Hu  proteins.  We  have  developed  antibodies 
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against  the  RRM  domains  of  DEF-3  which  are  undergoing  characterization  and  which  would  permit 
immunologic  detection  of  deletions  in  direct  tumor  materials  and  facilitate  analysis  of  this  region. 

6.C.5.  Summary  and  Significance  of  3p21.3  Findings 

The  3p21.3  deletion  region  has  been  an  important  region  for  the  identification  of  a  tumor  suppressor 
gene.  One  of  the  best  candidates  to  date  is  the  SEMA3F  gene,  cloned  in  our  laboratory.  The  DEF-3  gene  is 
also  a  candidate.  Future  experimental  directions  will  focus  on  the  function  of  SEMA3F  since  it  can  directly 
interferre  with  binding  of  neuropilin  receptors  by  VEGFjg^ .  SEMA3F  therefore  has  great  potential 
significance  for  tumor  angiogenesis  and  possibly  other  functions  of  VEGF  including  cell  migration  and 
growth.  Data  obtained  for  this  molecule  will  likely  have  significance  not  only  for  breast  cancers  but  for 
many  other  carcinomas  as  well. 

6.D.  Involvement  of  3p21.33  Region  in  Breast  Carcinoma 

6.D.I.  Screening  Breast  Tumors  for  Deletions  in  the  3p21.33  Deletion  Region. 

Chromosomal  band  3p21  harbors  a  second  homozygous  deletion  region,  originally  described  by 
Yamakawa  et  al.,  (Yamakawa  et  al.,  1993).  They  went  on  to  show  that  the  minimal  deletion  spanned 
approximately  800  kb  and  was  covered  by  YAC  936C1.  We  demonstrated  that  the  deletion  target  was 
separated  from  the  SEMA3F  deletion  site  by  10  to  15  megabases  of  DNA  (Roche  et  al.,  1996).  In  the 
course  of  mapping  this  region  more  thoroughly,  we  discovered  that  one  of  our  markers,  Mbol6E2,  was 
present  in  this  YAC  (Roche  et  al.,  1996).  In  previous  Progress  Reports,  we  described  how  the  YAC  936C1 
was  found  to  be  chimeric  and  thus  useless  for  developing  additional  markers  in  this  interval.  We  proceeded 
to  generate  an  independent  clone  contig  using  PI  artificial  chromosomes  (PACs)  which  covers  at  least  750 
kb  (see  Figure  below). 


D3S2650 

PAC  clone  contig  covering  the  3p21.33  deletion  region.  Clones  are  symbolized  by  short  horizontal 
lines,  the  shaded  lines  represent  PACs  which  were  sub-cloned  and  used  to  generate  markers.  A  sub-set  of 
the  markers  utilized  for  screening  breast  tumors  are  listed  below  the  chromosome  (thick  solid  line)  with  their 
approximate  location.  The  contig  is  estimated  to  span  600  to  750  kb. 

We  have  prepared  sub-clone  libraries  from  many  of  these  PACs,  sequenced  selected  clones  and 
developed  PCR  primer  pairs  suitable  for  deletion  analysis.  Twenty  six  STS  markers  from  this  region  have 
been  used  to  screen  12  breast  tumor  cell  lines.  These  markers  included  specific  primer  pairs  for  two  genes; 
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the  mismatch  repair  gene  hMLHl  and  Integrin-aj^Lc  •  'The  screen  showed  that  none  of  these  breast  tumors 
harbored  deletions  of  this  region.  The  development  of  this  contig  and  the  results  of  our  screening  assays  are 
currently  in  preparation  for  publication. 

6.D.2  Significance 

This  region  was  one  of  the  initial  target  deletions  proposed  in  our  application.  The  reagents  we 
developed  will  be  useful  for  ongoing  investigations  into  potential  alterations  in  this. 

6. E.  Exploration  of  developmental  signaling  pathways  in  cancer. 

Our  discovery  of  the  TRC8  gene  and  elucidation  of  its  structure  led  us  to  investigate  the  relationship 
between  developmental  signaling  pathways  and  cancer.  In  particular,  we  noted  the  relationship  between  the 
Hedgehog  and  WNT  pathways,  and  the  relationship  between  HOX  gene  expression,  WNT  regulation  of 
HOX  and  the  downstream  targets  for  HOX  proteins,  particularly  the  FGF  genes.  These  considerations  led 
us  to  survey  a  series  of  carcinoma  cell  lines  for  expression  patterns  of  genes  which  make  up  these 
pathways.  While  these  studies  have  been  beyond  the  scope  of  the  present  project,  they  were  stimulated  by 
our  results  which  directly  resulted  from  the  Army  support,  namely  the  discovery  of  the  TRC8  gene. 
Importantly,  some  of  these  signaling  systems,  particularly  the  WNT  pathway,  have  been  previously 
implicated  in  breast  cancer.  These  studies  have  led  to  two  manuscripts  which  are  currently  undergoing 
review.  Importantly,  we  are  in  the  process  of  developing  several  technological  approaches  for  detecting 
expression  of  key  signaling  molecules  in  these  pathways.  These  methods  are  based  upon  cDNA  array 
hybridization  and  quantitative  real  time  PCR  analyses.  While  our  Army  supported  project  is  now  completed, 
we  are  continuing  to  pursue  these  observations  through  other  mechanisms.  In  particular,  an  application  is 
now  pending  at  NIH  for  a  pilot  study  looking  at  the  possible  utility  of  using  expression  data  as  a  means  for 
identifying  and  discriminating  among  breast  tumors. 

7.  KEY  RESEARCH  ACCOMPLISHMENTS. 

•  Discovered  the  homozygous  deletion  region  in  3pl4  which  affects  breast  tumors. 

•  Cloned  and  sequenced  the  deletion  region,  revealing  it  is  gene  poor. 

•  Demonstrated  that  deletions  coincided  with  FRA3B. 

•  Demonstrated  that  the  region  is  genetically  unstable  in  selected  tumors. 

•  Discovered  the  TRC8  gene,  suggesting  a  new  pathway  to  cancer. 

•  Established  parameters  of  expression  and  function  for  the  SEMA3F  gene,  likely  to  influence  VEGF 
signaling. 

•  Discovered  the  DEF-3(gl6/NY-LU-12)  gene  and  demonstrated  that  it  encodes  a  developmentally 
regulated  RNA  binding  protein. 

•  Developed  a  PAG  clone  contig  for  the  3p21 .33  homozygous  deletion  region  but  found  it  was  not 
affected  in  lung  tumors  tested. 

8.  REPORTABLE  OUTCOMES. 

Our  studies  have  led  directly  to  6  publications  with  at  least  2  more  in  preparation.  In  addition,  these 
efforts  have  been  reported  as  abstracts  for  a  number  of  meetings  (Cold  Spring  Harbor,  DOD  Era  of  Hope 
and  American  Society  of  Human  Genetics)  and  have  been  incorporated  into  numerous  presentations. 
Importantly,  one  funded  grant  application  has  been  a  direct  result  of  this  project  while  several  others  have 
been  submitted.  Two  of  these  are  pending  with  NIH  and  a  third  will  be  submitted  soon.  The  publications 
are  listed  below: 
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Publications: 


Boldog,  F.,  Gemmill,  R.M.,  West,  J,,  Robinson,  M.,  Robinson,  L.,  Li,  E.,  Roche,  J.,  Todd,  S.,  Lundstrom, 
R.,  Jacobson,  J.,  Klinger,  H.,  and  Drabkin,  H.A.  (1997).  Chromosome  3pl4  homozygous  deletions  and 
sequence  analysis  of  FRA3B.  Hum.  Mol.  Genet.  6,  193-203. 

Le  Beau  MM,  Drabkin  H,  Glover  TW,  Gemmill  R,  Rassool  FV,  McKeithan  TW  and  Smith  DI.  (1998).  A 
FHIT tumor  suppressor  gene.  Genes,  Chromosomes  and  Cancer  21:281-289. 

Roche  J,  West  J,  Gemmill  R  et  Harry  Drabkin.  (1998). Chromosome  3p  et  recherche  de  genes 
suppresseurs  de  tumeurs  et  genes  de  semaphorines  en  3p21.3.  Medecine  et  Sciencesl4;283-290. 
Gemmill  RM,  West  ID,  Boldog  F,  Tanaka  N,  Robinson  LJ,  Smith  DI,  Li  F  and  Drabkin  HA  (1998).  The 
hereditary  renal  cell  carcinoma  (RCC)  3;8  translocation  fuses  FHIT  to  a  novel  patched  related  gene, 
TRC8.  PNAS  95:9572-9577. 

Drabkin  HA,  West  JD,  Hotfilder  M,  Heng  YM,  Erickson  P,  Calvo  R,  Dalmau  J,  Gemmill  RM  and 

SablitzkyF  (1999).  DEF-3(gl6/NY-LU-12),  An  RNA  Binding  Protein  from  the  3p21.3  Homozygous 
Deletion  Region  in  SCLC.  Oncogene  18:  2589-2597. 

F  de  Castro,  L  Hu,  HA  Drabkin.  C  Sotelo  and  Alain  Chedotal.  Chemoattraction  and  Chemorepulsion  of 
olfactory  bulb  axons  by  different  secreted  semaphorins  (1999).  J.  Neuroscience  19(1 1):  4428-4436. 

Grant  Applications: 

NIH,  IROl  CA76035-01A1,  “Molecular-Genetic  Analysis  of  3pl4  Genomic  Stability” 

NIH,  ROl  (PENDING,  1999)  "Genetic  Characterization  of  dTRCS" 

NIH,  R21  (PENDING,  1999)  "WNT-HOX-FGF  Pathway  Gene  Expression  in  Breast  CA" 

9.  CONCLUSIONS 

In  each  of  the  previous  sections  comprising  the  Body  of  this  report,  we  have  provided  a  summary  of 
our  important  results  and  their  significance;  the  most  important  of  these  will  be  recapitulated  here.  We 
identified  one  chromosome  3p  region  (3pl4.2)  subject  to  homozygous  deletion  in  breast  cancers,  but  our 
best  evidence  to  date  suggests  that  these  deletions  are  the  result  of  inherent  genomic  instability.  We 
generated  strong  evidence  that  the  postulated  tumor  suppressor  gene,  FHIT,  is  not  the  target  of  these 
alterations.  We  are  continuing  to  explore  the  observation  of  genomic  instability,  attempting  to  define  the 
signaling  pathways  which  influence  it.  Importantly,  our  exploration  of  3pl4  led  directly  to  the  isolation  of 
the  TRC8  gene  which  may  define  a  new  pathway  to  tumorigenesis.  Of  equal  significance,  this  discovery  led 
us  to  explore  the  role  in  cancer  of  other  developmental  signaling  modalities,  including  the  WNT,  HOX  and 
FGF  pathways.  Our  initial  results  suggest  that  differential  patterns  of  expression  for  selected  genes  in  these 
pathways  may  be  able  to  identify  tumor  types  and/or  discriminate  tumors  with  distinct  biological  properties. 
Two  other  frequently  deleted  sites  were  surveyed  by  us,  one  of  which  had  been  previously  reported  with 
homozygous  deletions  in  breast  cancers.  Our  studies  uncovered  a  number  of  genes  whose  locations  in  these 
deletion  targets  suggest  possible  roles  in  tumor  development.  Two  candidate  genes  found  in  the  proximal 
3p21.3  deletion  region,  SEMA3F  and  DEF-3,  are  of  particular  interest;  expression  constructs  and  antibodies 
have  been  generated  for  both.  Importantly,  what  little  is  known  about  the  functions  of  these  genes  suggests 
they  will  have  biological  roles  which  are  broadly  significant  to  the  development  of  many  cancers,  including 
those  of  breast.  SEMA3F,  which  we  originally  cloned,  may  be  the  long  sought  after  3p21  tumor  suppressor 
gene.  We  predicted  and  confirmed  that  DEF-3  was  an  RNA  binding  protein  and  it  could  have  roles  in 
cellular  differentiation,  similar  to  other  RNA  binding  proteins.  TRC8  has  a  structure  suggestive  of  a 
signaling  receptor  and  our  initial  experiments  support  a  role  in  early  development.  All  these  biological 
functions  are  in  great  need  of  exploration  and  we  are  committed  to  continuing  these  investigations. 

What  do  these  results  mean  to  the  "person  on  the  street"?  Actually,  quite  a  lot.  The  development  of 
breast  cancer  is  a  complex  process  involving  alterations  in  many  genes  and  cellular  pathways.  While  we 
know  of  some  pathways  altered  in  breast  cancer  (eg.,  Her2/neu,  estrogen  receptor,  etc.)  there  are  many 
more  which  remain  unknown.  Our  efforts  are  focused  on  uncovering  more  of  these  unknown  routes  to 
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breast  cancer.  With  such  knowledge,  it  should  be  possible  to  devise  much  more  effective  treatments  by 

targeting  specific  pathways  or  combinations  of  pathways. 
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Loss  of  heterozygosity  (LOH)  involving  3p  occurs  in  many  carcinomas  but  is  complicated  by  the  identification 
of  four  distinct  homozygous  deletion  regions.  One  putative  target,  3p14.2,  contains  the  common  fragile  site, 
FRA3B,  a  hereditary  renal  carcinoma-associated  3;8  translocation  and  the  candidate  tumor  suppressor  gene, 
FHIT.  Using  a  -300  kb  cosmid/^  contig,  we  identified  homozygous  deletions  in  cervix,  breast,  lung  and  colorectal 
carcinoma  cell  lines.  The  smallest  deletion  (CC19)  was  shown  not  to  involve  FHIT  coding  exons  and  no  DNA 
sequence  alterations  were  present  in  the  transcript.  We  also  detected  discontinuous  deletions  as  well  as  deletions 
in  non-tumor  DMAs,  suggesting  that  FHIT\s  not  a  selective  target.  Further,  we  demonstrate  that  some  reported 
FHIT  aberrations  represent  normal  splicing  variation.  DNA  sequence  analysis  of  110  kb  demonstrated  that  the 
region  is  high  in  A-T  content,  LINEs  and  MER  repeats,  whereas  Alu  elements  are  reduced.  We  note  an  intriguing 
similarity  in  repeat  sequence  composition  between  FRA3B  and  a  152  kb  segment  from  the  Fragile-X  region.  We 
also  identified  similarity  between  a  FRA3B  segment  and  a  small  polydispersed  circular  DNA.  In  contrast  to  the 
selective  loss  of  a  tumor  suppressor  gene,  we  propose  an  alternative  hypothesis,  that  some  putative  targets 
including  FRA3B  may  undergo  loss  as  a  consequence  of  genomic  instability.  This  instability  is  not  due  to  DNA 
mismatch  repair  deficiency,  but  may  correlate  in  part  with  p53  inactivation. 


INTRODUCTION 

LOH  involving  3p  occurs  frequently  in  carcinomas  of  the  lung, 
kidney,  cervix,  breast  and  other  epithelial  neoplasms  (1-7). 
However,  3p  loss  is  complex,  involving  at  least  four  distinct 
homozygously  deleted  regions  (8-12).  One  of  the  most  frequent¬ 
ly  lost  regions  is  3pl4,  especially  in  cervical  carcinomas  (13). 
This  region  is  also  of  interest  since  it  contains  the  site  of  a  hereditary 
renal  carcinoma-associated  translocation,  t(3;8)(pl4.2;q24.1)  (14), 
and  is  the  location  of  the  most  inducible  common  fragile  site  in  the 
genome,  FRA3B  (15).  We  previously  reported  cloning  of  the  3;8 
translocation  breakpoint  ( 1 6)  and  demonstrated  by  fluorescence  in 
situ  hybridization  that  FRA3B  was  further  telomeric  (17).  These 
studies  also  suggested  that  breaks  in  FRA3B  occur  over  a  region 
instead  of  at  a  single  site.  While  searching  for  genes  in  this  region. 


we  identified  a  homozygous  deletion  in  the  cervical  carcinoma 
cell  line,  HeLa,  involving  marker  D3S1300. 

We  developed  a  -300  kb  cosmidA  contig  within  FRA3B 
containing  D3S1300.  Probes  from  the  region  detected  frequent 
homozygous  deletions  in  cervical,  lung,  colorectal  and  breast 
carcinoma  cell  lines.  Cervical  carcinomas,  which  are  associated 
with  papilloma  virus  infection  and  p53  inactivation  (18),  were 
most  frequently  deleted  and  the  smallest  deletion  occurred  in  cell 
line  CC19.  During  our  investigations,  Ohta  et  al.  reported 
identification  of  a  candidate  tumor  suppressor  gene,  FHIT,  which 
spanned  the  t(3;8)  breakpoint  and  was  deleted  in  various 
carcinoma  cell  lines  (19).  However,  our  analysis  indicates  that 
FHIT  is  not  the  target  of  these  deletions.  We  also  observed  that 
3pl4  deletions  tend  not  to  occur  in  tumors  with  deficiencies  in 
DNA  mismatch  repair. 


*To  whom  correspondence  should  be  addressed 

■‘"Present  address:  CNRS  URAl  172,  IBMIG,  Universite  de  Poitiers,  40  Av.  du  Recteur  Pineau,  86022  Poitiers  Cedex,  France 
^These  authors  contributed  equally  to  this  work 
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Table  1.  Results  of  microsatellite  analysis  and  3pl4  deletions  in  selected  cell  lines 


Cell  line 

Mismatch  repair  deficiency/ 
microsatellite  instability^ 

3pl4  status 

Reference 

Colorectal  carcinoma^ 

HT-29 

intact 

deletion 

this  study 

SW-480 

intact 

deletion 

Umar  et  al.  (25);  this  study 

SW-403 

intact 

deletion 

this  study 

SW-948 

intact 

rearranged 

thisstudy 

SW-48 

defective 

no  deletion 

Boyer  et  al.  (23);  this  study 

DLDI/HCT15 

defective 

no  deletion 

da  Costa  et  al.  (24) 

Bhattacharyya  et  al.  (22) 

Cervical  carcinoma^ 

C-41 

intact 

deletion 

Larson  et  al.  (26)^ 

Caski 

intact 

deletion 

Larson  et  al.  (26)^^ 

SIHA 

intact 

deletion 

Larson  et  al.  (26)^ 

HeLa 

intact 

deletion 

Boyer  et  al.  (23);  Umar  et  al.  (25) 

CC19 

NT 

deletion 

MS-751 

intact 

deletion 

Larson  et  al.  (26)^ 

C-33A 

defective 

deletion 

Larson  et  al.  (26)^;  this  study 

ME- 180 

intact 

no  deletion 

Larson  et  al.  {26)^ 

^Defective  refers  to  a  reported  deficiency  in  mismatch  repair  or  microsatellite  instability. 

^Overall,  deletions  (5)  or  rearrangements  (1)  were  identified  in  6/12  colorectal  carcinoma  DMAs.  In  addition  to  those  listed,  deletions  occurred  in  COLO-205  and 
COLO-320.  No  deletions  were  identified  in  SKCO-1,  CaCo-2,  SW-14I7  and  T-84. 

^Represents  all  cervical  carcinoma  samples  examined. 

‘^Personal  communication  from  Dr  Garret  M.  Hampton. 

NT  =  not  tested. 


DNA  sequencing  studies  were  performed  to  identify  features 
that  might  provide  insight  into  these  breaks.  Our  results 
demonstrate  that  FRA3B  is  high  in  A-T  content,  LINES  and 
MER  repeats.  In  contrast,  Alu  elements  and  confirmed  genes  are 
reduced.  We  identified  a  FRA3B  segment  highly  similar  to  a 
reported  small  polydispersed  circular  DNA,  sequences  which  are 
markedly  elevated  in  damaged  or  unstable  genomes.  FRA3B  also 
bears  an  intriguing  overall  sequence  similarity  to  the  Fragile-X 
region.  However,  unlike  the  rare  folate-sensitive  fragile  sites,  no 
triplet  repeats  nor  methylated  CpG  island  was  identified.  These 
overall  features  may  be  responsible  for,  or  contribute  to,  the 
observed  instability  of  this  region, 

RESULTS 

Identification  of  homozygous  deletion 

Following  identification  of  the  HeLa  deletion,  additional  cervical 
carcinoma  lines  were  examined  using  probes  spanning  a  -300  kb 
cosmid/phage  contig  from  the  FRA3B  region  (Fig.  lA  and  B). 


Figure  2A  shows  an  example  using  cosmid  cl36C3.  Deletions 
were  evident  in  DNAs  from  MS75 1 ,  SIHA  and  Caski  (lanes  2, 5 
and  7)  whereas  CC19  (lane  6)  shows  missing  and  altered  bands 
(arrow).  Altogether,  homozygous  deletions  were  detected  in 
seven  out  of  eight  lines  (87.5%).  Similar  hybridizations  were 
performed  using  DNAs  from  12  colon  tumor  lines,  and  deletions 
or  rearrangements  were  seen  in  50%  (Fig.  2B).  Other  homozy¬ 
gous  deletions  (Fig.  1C)  were  detected  in  three  lung  (NCI-H1648, 
NCI-H460  and  NCI-H892)  and  one  breast  carcinoma 
(MDA-231)  cell  lines.  The  smallest  (-40  kb)  was  in  the  cervical 
carcinoma  line  CC19.  This  line  was  characterized  further  by 
DNA  sequence  analysis  and  FHIT  gene  expression  (see  below). 
Two  (HeLa  and  MDA-231)  contained  discontinuous  deletions, 
which  was  surprising  since  a  single  deletion  should  have  been 
sufficient  to  inactivate  a  tumor  suppressor  gene.  No  deletions 
were  detected  in  five  renal  carcinoma  lines  (KRCA",  CAKI-1, 
CAKI-2,  ACHN  and  KV6). 

We  also  observed  deletions  in  non-tumor-derived  DNAs. 
Hybridization  with  c61G12  to  a  chromosome  3  hybrid  panel 
revealed  a  partial  deletion  in  2A3CT  (Fig.  3A).  Similarly,  a 


Figure  1.  (A)  Schematic  showing  position  of  the  homozygous  deletion  region  with  respect  to  YACs  850A6,  65E7  and  74B2.  Positions  of  Mlu\  and  selected  Xho\ 
restriction  sites  are  indicated.  Xhol  sites  were  not  determined  for  YAC  850A6.  (B)  Cosmid  and  X  clone  contig  spanning  the  homozygous  deletion  region  within  3pl4. 
Solid  horizontal  lines  represent  cosmid  (c)  and  lambda  (X)  inserts,  as  indicated,  along  with  cleavage  sites  for  £coRI  (short  vertical  bars),  Xhol  (X)  and  5^/1  (S)  which 
were  mapped  within  the  central  1 70  kb.  The  Mini  site  corresponding  to  the  site  in  YAC  74B2  is  present  in  c55DI2  and  c84F12,  although  we  have  not  determined  its 
precise  location.  Positions  of  selected  markers,  breakpoints  and  integration  sites  for  HPV-16  and  pSV2neo  are  indicated  across  the  top.  (B)  and  (C)  are  drawn  to  the 
same  scale  and  positions  correspond  exactly  between  the  two.  (C)  Homozygous  deletions  in  tumors  and  normal  genomic  DNAs.  Horizontal  lines  denote  the  extent 
of  deletion  in  the  indicated  cell  lines.  Parallel  lines  at  the  ends  of  each  deletion  indicate  where  precise  boundaries  were  not  determined.  HeLa  and  MDA231  contain 
discontinuous  deletions  indicated  by  interrupted  lines.  Exon  5  and  the  direction  of  transcription  for  the  FHIT  gene  are  indicated  at  the  bottom. 
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Figure  2.  (A)  Southern  analysis  of  cervical  carcinoma  cell  lines.  Lanes  1-7 
contain  DNA  from  seven  cervical  lines,  as  indicated;  lane  8  is  a  normal  human 
DNA  control.  DNA  samples  were  digested  with  EcoRI  and  hybridized  with 
cl36C3.  Three  cell  lines  were  homozygously  deleted  for  cl36C3  while  the 
arrow  indicates  a  rearranged  band  present  in  CC19.  (B)  Southern  analysis  of 
colon  carcinoma  cell  lines.  Control  lanes  (I^)  contain  respectively,  XHindm 
size  marker,  //mdlll-digested  human  DNA,  the  chromosome  3-specific  hybrids 
2A3CT  and  UCH12.  Hybrid  2A3CT  contains  a  single  copy  of  chromosome  3 
deleted  for  all  sequences  distal  to  3p21 .3.  The  chromosome  retained  in  UCH 12 
is  deleted  for  the  entire  short  (p)  arm.  Lanes  5-18  contain  //mdlll-digested 
DNAs  from  12  colon  carcinoma  cell  lines  (note,  DLD-1  and  HCT-15  are 
identical).  The  Southern  blot  was  hybridized  with  c61G12  which  contains 
D3S1300  and  FHIT  exon  5.  Homozygous  deletions  were  observed  in  three  cell 
lines;  altered  bands,  which  may  be  indicative  of  rearrangements,  were  present 
in  four  additional  lines. 
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Figure  3.  Deletions  in  genomic  DNAs  from  normal  sources.  DNA  from  several 
hybrids  and  YAC  clones  were  analyzed  with  probes  from  the  homozygous 
deletion  region.  In  (A),  DNA  from  seven  chromosome  3  hybrids  and  a  deletion 
variant  of  YAC  clone  74B2  were  digested  with  HindlW  and  hybridized  with 
c6IG12.  The  variant  band  in  hybrid  H3-4  represents  a  polymorphism  identified 
in  eight  of  19  normal  DNA  samples  (not  shown).  The  seven  hybrids  all  retain 
3pI4.2  by  cytogenetic  and  molecular  genetic  analyses  while  missing  other 
specific  regions  of  chromosome  3.  (B)  DNA  samples  from  YACs  74B2  and  the 
deletion  variant  74B2D  were  digested  with  fcoRI  and  hybridized  with  c3  lEl. 
Four  homologous  bands  present  in  YAC  74B2  were  missing  in  74B2D 
(arrows).  In  (C),  fcoRI-dige.sted  DNA  from  the  hybrid  A5-4  (lane  4)  was 
compared  with  human  (lane  1)  and  hybrid  3;8/4-l  (lane  3)  using  c31El. 


spontaneous  80  kb  deletion  in  YAC  74B2  spanning  the  region  was 
identified  during  single  clone  purification  (74B2D).  Figure  3B 
shows  missing  bands  (arrows)  in  74B2D  when  hybridized  with 
c3 1 E 1 .  This  80  kb  deleted  segment  encompasses  the  aphidicolin- 
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Figure  4.  (A)  RT-PCR  analysis  of  FHIT  expression  in  tumor  cell  lines.  Primers 
designed  to  amplify  the  coding  region  of  FHIT  were  used  to  amplify  cDNAs 
prepared  from  five  cervical  carcinoma  lines,  one  renal  carcinoma  line  (KRCA") 
and  an  ElA-transformed  embryonal  kidney  line  (E293),  as  indicated.  Normal 
products  of  638  bp  (arrow)  were  observed  in  three  cell  lines,  including  CC19 
with  a  40  kb  homozygous  deletion.  A  normal  sized  product  was  also  observed 
in  MS751,  although  it  is  amplified  weakly.  In  (B),  evidence  is  presented  for 
alternative  splicing  of  FHIT  mRNA  in  normal  tissues.  RT-PCR  analysis  of 
FHIT  expression  in  fetal  brain,  adult  kidney,  E293  cells  (whole  cells  and 
cytoplasmic  fraction),  lung  tumor  A549  and  kidney  carcinoma  cell  line  KRCA" 
were  performed  as  in  (A).  Both  normal  sized  products  (arrow  marked  N)  and 
smaller  products  (left  arrow)  were  observed. 


induced  breakpoint  in  hybrid  A5-4  (Figs  3C  and  1 C),  the  ends  of 
several  tumor  deletions  (C33A,  SIHA,  HeLa,  COLO~205  and 
MDA-231)  and  the  more  telomeric  of  two  pSV2neo  plasmid 
insertion  sites  which  preferentially  integrated  into  FRA3B  after 
aphidicolin  treatment  (20,21). 

Correlation  of  deletions  with  microsatellite  instability 

In  cervical  and  colorectal  carcinoma  cell  lines,  we  observed  a 
trend  of  inverse  correlation  between  the  presence  of  a  3pl4 
deletion  and  reported  microsatellite  instability  (22-26).  How¬ 
ever,  for  some  lines,  we  were  unable  to  discern  the  replication 
error  (RER)  status  from  the  literature.  Therefore,  we  subcloned 
selected  lines  and  tested  10  clones  each  with  up  to  six 
microsatellite  loci  (D3S1300,  D3SI2I0,  D3SI286,  D3SI233  and 
AFM320yh5).  Instability  was  accepted  if  new  bands  appeared 
from  two  or  more  loci,  although  there  were  no  cases  of  only  one 
alteration.  Results  for  samples  where  we  have  information  on 
both  DNA  mismatch  repair  and  3pl4  deletion  are  shown  in 
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Table  1.  While  the  number  of  RER+  lines  is  small,  both  3pl4 
deletions  and  the  RER  phenotype  are  usually  discordant.  One 
simple  conclusion  is  that  defects  associated  with  microsatellite 
instability  alone  are  not  responsible  for  the  observed  deletions. 
We  also  observed  the  highest  incidence  of  deletions  in  cervical 
carcinoma  lines,  where  p53  alterations  appear  very  common 
(27,28).  This  may  relate  to  the  reduced  frequency  of  deletions 
observed  in  RER+  colorectal  tumors  (see  Discussion). 

Relative  position  of  FHIT 

To  examine  the  role  of  the  FHIT  gene  in  these  deletions,  we 
derived  primers  (FHIT-5'  and  FHIT-3')  for  a  one-stage  RT-PCR 
amplification  of  the  entire  coding  region  (exons  5-9).  An 
expected  638  bp  product  was  amplified  after  35  cycles  from 
embryonal  kidney  293  cells  (Fig.  4A,  lane  7).  This  was  used  as 
a  probe  against  the  contig  which  showed  that  only  a  single  FHIT 
exon,  located  adjacent  to  D3SI300,  was  present  (Fig.  IB). 
Comparison  of  our  map  with  that  described  by  Ohta  et  al.  (19) 
allowed  us  to  conclude  that  this  was  exon  5  (dso  confirmed  by 
DNA  sequencing,  not  shown)  and  demonstrated  that  several 
tumor  deletions  exclusively  affected  large  introns  (Fig.  1C).  This 
occurred  in  CC 1 9  and  SfflA  (cervix),  NCI-H 1648  and  NCI-H460 
(lung)  and  MDA-23 1  (breast). 

Analysis  of  FHIT  in  the  tumor  lines  shown  in  Figure  4A 
demonstrated  that  3/6,  including  CC19,  contained  normal  sized 
bands  (arrow).  To  characterize  further  the  FHIT  product  from 
CC19,  four  independent  isolates  were  sequenced.  Each  contained 
only  normal  sequences  comprising  coding  exons  5-9.  Thus,  the 
homozygous  deletion  had  no  apparent  effect  on  FHIT  mRNA, 
suggesting  either  a  different  target  gene  or  unselected  genomic 
instability.  Additionally,  a  faint  normal  sized  product  was  seen  in 
MS751  (Fig.  4A,  lane  5),  which  by  Southern  blot  contains  a 
homozygous  deletion  including  exon  5.  A  possible  explanation  is 
that  the  deletion  is  heterogeneous  within  the  cell  population 
suggesting  it  occurred  during  culture. 

The  cervical  carcinoma  lines  C33A  and  SIHA  contained 
multiple  smaller  RT-PCR  products  with  no  detectable  wild-type 
product.  While  C33A  had  an  exon  5  deletion  that  could  explain 
one  smaller  band  (Fig.  1C),  the  multiplicity  of  products  suggested 
alternative  splicing.  The  SIHA  deletion  does  not  affect  an  exon 
although  there  may  be  non-recognized  discontinuous  or  overlap¬ 
ping  bi-allelic  deletions.  Despite  these  obvious  differences,  the 
RT-PCR  products  appeared  identical  (Fig.  4A,  lanes  2  and  3).  To 
examine  this,  we  amplified  FHIT  coding  exons  from  RNA  or 
cDNAs  prepared  from  normal  (fetal  brain,  adult  kidney), 
immortalized  (E293)  and  tumor  (A549,  KRC/Y)  samples  (Fig. 
4B).  While  normal  FHIT  (arrow  marked  N)  was  observed  in  each, 
a  smaller  product  was  also  seen  which  predominated  in  the 
normal  fetal  brain  cDNA  library.  When  this  was  cloned  and 
sequenced,  exon  8  containing  the  conserved  histidine  triad  motif 
and  possible  zinc-binding  site  (29)  was  missing  (not  shown).  This 
variation  had  been  reported  to  represent  an  aberration  in 
squamous  cell  carcinomas  of  the  head  and  neck  (30).  Additional 
larger  products  were  identified  from  the  adult  kidney  cDNA 
library  although  these  have  not  been  characterized.  Thus, 
alternative  splicing  definitely  occurs  in  normal  tissues. 

DNA  sequence  analysis 

Since  CC19  contained  the  smallest  deletion,  we  initiated 
large-scale  DNA  sequencing  studies  to  identify  new  genes  or 


structural  features  that  might  be  responsible  for  the  genomic 
instability.  Six  genome  equivalents  of  sequence  were  obtained 
from  c81E9,  cl20E3,  cl36C3  and  X.33  and  the  data  assembled. 
Gaps  were  closed  using  directed  primers  and  a  1.3  kb  clone  gap 
between  cl 36C3  and  X33  was  closed  by  PCR  amplification  using 
A.48  (Fig.  1 B)  as  template.  This  resulted  in  1 10.4  kb  of  contiguous 
sequence  (GenBank  U66722)  at  an  accuracy  of  -99.6%.  Pre¬ 
dicted  restriction  maps  from  the  assembled  sequence  also 
matched  those  determined  experimentally.  Sequence  analysis 
(shown  schematically  in  Fig.  5)  included  similarity  searches, 
repetitive  sequence  identification  and  exon  prediction. 

Gene  search 

Overall,  the  sequence  is  AT-rich  (61.1%)  and  very  depleted  in  CG 
dinucleotides.  No  identities  to  known  genes  were  seen.  GRAIL2 
predicted  15  exons  of  which  six  had  moderate  (<0.4),  five  had  good 
(0.4-0,6)  and  four  had  excellent  (>0.6)  scores.  Four  putative  exons 
were  coincident  with  repeat  sequences  and  two  others  (positions  8.0 
and  71.5  kb)  were  coincident  with  Genemark  predicted  coding 
segments.  Genemaiic  (31)  was  utilized  in  order  to  implement  a 
matrix  for  higher  A-T  content  regions.  While  61  potential  coding 
segments  were  identified,  no  significant  similarities  were  observed. 
Many  predicted  coding  segments  clearly  occurred  within  LINE  and 
MER  elements,  and  others  not  directly  within  repeats  nevertheless 
demonstrated  similarity  to  LINEs.  Four  putative  exons  were 
clustered  near  position  107  kb,  one  of  which  showed  perfect  identity 
with  a  partially  sequenced  cDNA,  EST-N70372.  However,  Northern 
analysis  failed  to  identify  a  transcript  from  this  region  (data  not 
shown)  and  the  cDNA  sequence  included  a  portion  of  the  LINE 
element  at  position  108  kb.  Based  on  end  sequences  from  the  cDNA 
clone  and  insert  length,  the  cDNA  was  co-linear  with  genomic 
DNA.  Further,  the  3'  end  of  the  cDNA  was  coincident  with  a 
poly(A)  tract  in  genomic  DNA,  all  suggesting  this  represented  an 
unprocessed  transcript,  or  more  likely  resulted  from  false  priming  of 
contaminating  DNA.  BLASTN  searches  determined  two  additional 
regions  with  similarity  to  non-annotated  cDNAs  (positions  58.2  and 
64,3  kb).  However,  neither  showed  similarity  to  known  genes  nor 
were  directly  superimposed  on  predicted  exons.  That  these  se¬ 
quences  were  observed  adjacent  to,  rather  than  superimposed  on, 
predicted  exons  could  be  due  to  conservative  prediction  algorithms 
used  which  underestimate  the  extent  of  many  exons.  Alternatively,  ^ 
the  homologies  could  be  due  to  infrequent  repeats.  We  note  the 
presence  of  five  remaining  putative  exons,  denoted  in  Figure  5, 
having  high  probability  scores  and  which  do  not  overlap  repeats. 

Repeat  sequence  analysis 

Analysis  with  Pythia  (32)  showed  that  20.2%  of  the  sequenced 
region  is  comprised  of  known  repeats,  a  level  comparable  with 
other  regions  chosen  for  comparison  (Table  2).  However,  in  this 
1 10.4  kb,  LINE  and  MER  elements  make  up  the  bulk  of  repeats. 
Intriguingly,  the  repeat  composition  is  very  similar  to  a  152  kb 
sequence  from  the  Fragile-X  region  (33)  and  differs  from 
arbitrarily  selected  segments  in  3p21.3  and  4pl6.3  (Table  2),  In 
particular,  A.33  (from  position  96  to  110.4  kb)  within  the  CC19 
deletion  is  nearly  identical  in  LINE  element  composition  to  the 
Fragile-X  region.  Similarly,  both  Fragile-X  and  FRA3B  have  a 
low  level  of  predicted  coding  regions.  Speculatively,  these 
similarities  may  influence  the  observed  tendency  of  both  regions 
to  undergo  breakage.  However,  there  are  obvious  differences 
between  the  two  sites,  notably  the  presence  of  a  triplet  repeat  and 
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Figure  5*  Assembled  sequence  data  totaling  110435  bp.  GeneMark  and  GRAIL2  predicted  exons  are  indicated  (filled  boxes  =  direct  strand;  open  boxes  = 
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methylated  CpG  island  in  Fragile-X  (34)  and  the  common  versus 
rare  nature  of  FRA3B. 

Other  features 

Position  38  kb  contains  a  cluster  of  terminal  deletion  breakpoints 
induced  by  aphidicolin  treatment  (GenBank  1146001)  further 
linking  our  sequence  to  FRA3B.  Flanking  these  aphidicolin 


breakpoints  is  a  long  polypurine  tract  and  two  extended  variable 
dinucleotide  repeats.  The  telomeric  breakpoint  of  the  CC19 
deletion  lies  within  a  1 .0  kb  region  at  position  76  kb  between  LI 
and  MER/LTR  elements.  Within  the  CC19  deletion  region,  near 
position  86  kb,  is  an  HPV16  integration  site  from  a  cervical 
carcinoma  (35).  It  is  of  note  that  this  integration  was  associated 
with  an  interstitial  deletion  (35,36)  which  we  now  know  would 
not  affect  FHIT  coding  sequences.  Interestingly,  a  very  signifi- 
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cant  similarity  to  a  small  polydispersed  circular  (spc) 

DNA  was  observed  at  106  kb  (GenBank  X96885).  Figure  6 
shows  a  FASTA  alignment  over  585  bp.  The  region  is  72.1% 
identical  and  contains  interspersed  blocks  having  up  to  89% 
identity  (e.g.,  spcDNA  bp  121-207).  This  spcDNA,  which 
appears  non-repetitive,  was  isolated  from  a  tuberous  sclerosis- 
associated  angiofibroma  (I.  Hinkel -Schreiner,  Ph.D.  Thesis). 
Characteristics  of  spcDNAs  include  derivation  from  chromoso¬ 
mal  sequences  (37),  association  with  clustered  repeats  [such  as 
p-satellites  and  other  clustered  elements  although  a  single  family 
member  may  be  predominantly  involved  (38)]  and  elevation  in 
conditions  associated  with  genomic  instability  such  as  Fanconi’s 
anemia  (39).  spcDNAs  are  also  increased  by  DNA-damaging 
agents  (37)  and  inhibitors  of  DNA  and  protein  synthesis  including 
the  fragile  site  inducer  aphidicolin  (40).  Given  the  limited  number 
of  spcDNAs  that  have  been  sequenced,  this  similarity  may  be 
biologically  important. 


DISCUSSION 

Using  a  -300  kb  cosmidA  contig,  located  -150  kb  telomeric  to 
the  3;8  translocation  breakpoint,  we  have  identified  homozygous 
deletions  in  various  carcinoma  cell  lines  that  overlap  the  most 
inducible  common  fragile  site  in  the  genome,  FRA3B.  From 
various  aphidicolin-induced  breakpoints  and  plasmid  or  viral 
integration  sites  (Fig.  1),  FRA3B  represents  a  region  rather  than 
a  single  site.  Studies  by  ^\5Ike  et  ai  (36)  and  Smith  et  al.  (41) 
indicate  that  some  clustering  of  breakpoints  may  occur.  However, 
their  rearrangements  were  induced  by  aphidicolin  in  a  single 
chromosome  3-containing  hybrid  and,  unlike  the  interstitial 
deletions  we  observed  in  tumor  and  non-tumor  samples,  appear 
to  represent  terminal  breaks.  Where  we  have  defined  the 
boundaries  for  the  carcinoma-associated  deletions  accurately,  one 
or  both  are  contained  within  the  FRA3B  region. 

Our  initial  hypothesis  was  that  the  smallest  deletion  (CC19)  would 
contain  elements  of  a  tumor  suppressor  gene.  During  our  studies, 
Ohta  et  al.  (19)  identified  the  FHIT  gene  with  reported  abnormalities 
in  RT-PCR  products.  However,  FHIT  has  similarity  to  a  yeast 
di-adenosine  hydrolase  which  would  represent  an  unexpected 
function  for  a  tumor  suppressor  gene.  Our  results  indicate  that  FHIT 
is  not  the  target  of  these  deletions.  First,  the  CC19  deletion  does  not 
involve  FHIT  coding  sequences  (Fig.  IB  and  C)  and,  based  on 
RT-PCR  and  cDNA  sequence  analysis,  the  coding  portion  of  the 
FHIT  transcript  is  normal.  Second,  we  have  observed  deletions  in 
genomic  DNAs  from  non-tumor  sources  (Fig.  3  A).  The  somatic  cell 
hybrid  2A3CT  was  formed  by  spontaneous  terminal  deletion  at 
3p2 1 .3  from  a  non-tumor-derived  chromosome  3  hybrid,  UCTP2A3 
(11).  However,  2A3CT  also  acquired  a  3pl4  interstitial  deletion 
overlapping  an  aphidicolin-induc^  breakpoint,  a  pSV2neo  integra¬ 
tion  into  FRA3B  (20)  and  the  telomeric  borders  of  several 
carcinoma-associated  deletions.  We  also  identified  an  overlapping 
deletion  in  an  unselected  subclone  from  YAC  74B2.  While  neither 
the  hybrid  nor  YAC  3pl4  DNA  segments  are  in  a  ‘normal’ 
background,  they  clearly  are  unselected  from  a  tumorigenic 
standpoint.  We  note  that  ‘hotspots’  of  recombination  in  human  DNA 
can  be  maintained  in  a  yeast  background  (42),  thus  it  is  not 
unreasonable  that  unstable  regions  may  behave  similarly  or  more  so. 
Third,  discontinuous  deletions  appear  common  in  this  region  (i.e. 
HeLa,  MDA23 1),  both  from  our  analysis  and  from  that  reported  by 
Ohta  et  al.  (19).  Multiple  deletions  might  be  expected  if  there  were 


no  common  target  gene  and  if  the  region  was  unstable.  Fourth,  we 
have  observed  that  FHIT  undergoes  alternative  splicing  in  normal 
tissues  (Fig.  4B)  which  explains  some  previously  reported  abnormal 
PCR  products  (19,30,43).  Thiagalingam  et  al.  (44)  recently 
reported  lack  of  FHIT  involvement  in  colorectal  carcinomas  and 
suggested  that  PCR  artifacts  might  be  responsible  for  some 
previously  observed  alterations  (19,43).  It  also  seems  likely  that 
many  deletions  would  have  been  missed  in  their  study  since  only  a 
few  markers  were  tested.  One  of  the  possible  features  that  suggested 
FHIT  could  be  a  tumor  suppressor  gene  was  that  it  crossed  the 
hereditary  renal  carcinoma-associated  3;8  breakpoint  (19).  How¬ 
ever,  we  found  no  alterations  in  RT-PCR  products  from  five  renal 
carcinoma  cell  lines.  Moreover,  Bugert  et  al.  (manuscript  submitted) 
have  observed  normal  FHIT  transcripts  and  no  point  mutations  in  a 
large  series  of  renal  cancers.  Thus,  FHIT  does  not  appear  to  be 
involved  in  renal  carcinoma.  With  respect  to  other  possible  target 
genes,  from  our  sequencing  studies  we  identified  a  100%  identity  to 
two  expressed  sequence  tags  fmm  a  liver/spleen  library.  However, 
we  determined  that  both  clones  were  identical,  were  not  expressed 
using  a  commercial  Northern  blot  (Clontech),  were  co-linear  with 
genomic  DNA  containing  a  poly(A)  tract  corresponding  to  their  3' 
end,  encoded  no  significant  open  reading  frame  and  overlapped  a 
partial  LINE  element. 

While  other  tumor  suppressor  genes  may  exist  within  FRA3B, 
an  alternative  possibility  is  that  the  deletions  are  due  to  primary 
genomic  instability  affecting  a  particularly  susceptible  region. 
This  hypothesis  is  consistent  with  several  of  the  observations 
reported  here  including  their  discontinuity  and  occurrence  in 
non-tumor  cell  lines.  By  using  numerous  probes,  we  were  able  to 
identify  a  high  frequency  of  homozygous  deletions,  especially  in 
cervical  carcinomas  where  p53  inactivation  is  very  common  (18). 
In  this  regard,  it  is  interesting  that  we  observed  an  inverse 
correlation  between  3pl4  deletions  and  microsatellite  instability 
(RER-I-).  Importantly,  p53  mutations,  which  have  been  shown  to 
destabilize  the  genome  (45,46),  appear  infrequent  in  RER+ 
colorectal  carcinomas  and  gastric  tumors  [(47,48)  and  R  Cottu, 
presented  at  Cancer  and  the  Cell  Cycle,  Lausanne,  Switzerland 
1996].  Thus,  these  findings  would  be  consistent,  at  least  in  part, 
with  3pl4  deletions  resulting  from  the  genomic  instability  which 
accompanies  p53  inactivation.  We  note  that  although  CC19  is 
HPV  negative,  it  expresses  a  mutant  p53  protein  (53). 

What  have  we  learned  from  the  DNA  sequence  analysis  to 
date?  First,  is  that  the  region  is  high  in  A-T  content  with  frequent 
LINEs  and  MER  repeats,  and  is  conversely  low  in  Alu  sequences 
and  confirmed  genes.  In  contrast  to  the  reported  rare  folate-sensi¬ 
tive  sites  which  are  associated  with  expanded  CGG  repeats 
(49,50),  FRA3B  does  not  contain  an  expanded  triplet  repeat  or 
methylated  CpG  island;  nor  did  we  identify  any  telomeric  repeats 
which  have  been  suggested  as  a  possible  cause  of  breaks  (51). 
However,  we  do  note  that  over  the  110.4  kb  region  there  is  an 
overall  repeat  sequence  similarity  to  152  kb  from  Fragile-X.  In 
vitro,  expanded  CGG  repeats  have  been  shown  to  inhibit  DNA 
replication  (52).  Whether  or  not  specific  sequences  within 
F^3B  may  have  a  similar  effect  on  replication  awaits  experi¬ 
mental  testing.  Our  discovery  of  a  strong  spcDNA  homology  in 
FRA3B  may  therefore  not  be  coincidental.  While  we  do  not  know 
if  the  SpcDNA  site  is  a  primary  cause  of  FRA3B  instability  or 
simply  a  marker  for  this  property,  the  DNA  sequences  reported 
should  provide  the  means  to  test  this. 
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Figure  6.  FASTA  alignment  of  585  bp  of  spcDNA  clone  (X96885)  and  FRA3B. 


Table  2.  Summary  of  sequence  features 


Sequence 

length 

GC 

content 

Total 

repeats 

Alu 

LINE 

MER 

Predicted 

exons 

Confirmed 

genes 

FRA3B 

(1 10.4  kb  sequence) 

110  434 

38.9% 

20.2% 

4.9% 

9.0% 

3.9% 

3.4% 

0.0% 

FRA3B 

(A.33  only) 

13  121 

37.0% 

26.6% 

3.5% 

17.5% 

2.1% 

2.3% 

0.0% 

Xq27.3 

(Fragile  X) 

152  351 

39.0% 

26.3% 

5.9% 

16.3% 

3.0% 

3.4% 

2.8% 

3p21.3 

(HLuca_14) 

36  597 

58.0% 

19.4% 

18.1% 

0.0% 

0.4% 

9.5% 

12.9% 

4pl6.3 

(Huntington’s) 

32  100 

54.9% 

16.1% 

10.8% 

3.5% 

1.4% 

5.6% 

7.6% 

The  sequences  used  for  comparison  were  derived  from  Xq27.3  (contains  the  Fragile-X  region,  GenBank  L29074)  and  4pl6.3  (in  the  region  of  Huntington’s  disease, 
GenBank  Z69837).  The  sequence  from  3p21.3  was  downloaded  from  ftp://genome.wustl.edU/pub/gscl/sequence/st.louis/human/shotgun/3/H_LUCA14.seq. 


MATERIALS  AND  METHODS 

Nucleic  acid  sources  and  manipulations 


Cell  lines.  Breast,  colon  and  cervical  carcinoma  lines  were 
obtained  from  the  American  Type  Culture  Collection.  The 
cervical  carcinoma  cell  line,  CC19,  was  established  as  described 
(53).  Lung  tumor  lines  were  obtained  through  the  Colorado  Lung 
Cancer  SPORE  Tissue  Culture  Core  Laboratory.  Normal  cell 
lines  included  the  human  lymphoblastoid  cell  lines  TL8229  and 
AG4103  and  the  ElA-immortalized  human  embryonic  kidney 
cell  line,  E293.  The  somatic  cell  hybrids  have  been  described 
previously  (54). 


Libraries.  The  gridded  chromosome  3-specifiC  cosmid  library 
(55)  was  obtained  from  Lawrence  Livermore  National  Labora¬ 
tories.  The  850A6  YAC  subcione  library  was  previously  de¬ 
scribed  (16).  Fetal  brain  and  adult  kidney  cDNA  libraries  were 
obtained  from  Clontech. 

DNA  and  RNA  isolations.  DNA  was  isolated  from  cell  lines  by 
standard  methods.  Cosmid  DNAs  were  isolated  using  alkaline 
lysis;  preparations  used  for  DNA  sequence  analysis  were  purified 
further  by  CsCl  gradient  centrifugation.  DNA  was  isolated  from 
single  or  pooled  phage  clones  by  the  Grossberger  method  (56). 
RNA  was  isolated  from  cell  lines  when  the  cultures  reached  90% 
of  confluency  using  the  RNA-STAT-60  kit  from  Tel-Test,  Inc. 
(Friendswood,  TX). 
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Library  screening,  contig  assembly  and  hybridization  analysis. 
The  gridded  cosmid  library  was  spotted  onto  filters  at  high  density 
(1536  clones  per  filter)  and  hybridized  using  standard  techniques 
with  a  370  kb  Mlu\  fragment  derived  from  YAC  74B2.  The 
850A6  YAC  phage  library  (16)  was  screened  using  the  same 
probe.  Resulting  clones  were  assembled  into  a  contiguous 
segment  by  hybridization  analysis  using  end  probes  and  total 
inserts  followed  by  analysis  with  the  software  tool  SEGMAR 
Complete  and  partial  digestion  analyses  (57)  were  used  to 
restriction  map  the  central  170  kb  of  the  contig  prior  to  DNA 
sequence  analysis. 

Replication  error  (RER)  analysis 

Biotinylated  primers  were  obtained  from  Research  Genetics, 
Huntsville,  AL.  PCR  amplifications  were  performed  with  40  ng  of 
template  DNA  utilizing  hot  start  and  touch  down  procedures.  After 
separation  on  denaturing  polyacrylamide  gels,  PCR  products  were 
detected  using  the  New  England  BioLabs  Phototope Detection 
Kit.  Alleles  were  scored  by  visual  inspection  of  band  patterns. 

RT-PCR  analysis  of  FHIT  gene  expression 

RT~PCR  was  performed  using  primers  FHIT-5'  (5'~CTCGAA- 
TTCTTAGACCCTCTATAAAAGC--3')  and  FHIT-3'  (5'-CTG- 
ATTCAGTTCCTCTTG-30  derived  from  non-coding  exons  4  and 
10,  respectively.  First  strand  synthesis  was  accomplished  with  1-3 
mg  of  total  RNA  and  the  Superscript  n  kit  (Life  Technologies). 
Subsequent  amplification  utilized  one-fifth  of  the  reverse  trans¬ 
criptase  reaction  together  with  the  FHU  primers.  Standard  PCR 
conditions  of  94°C  denaturation  (1  min),  55  °C  annealing  (1  min) 
and  72  °C  elongation  for  35  cycles  were  employed.  PCR  products 
were  subcloned  into  the  EcdRi  site  of  pBluescript  n  SK'*'  using  an 
introduced  Ec<9RI  site  present  in  the  FHIT-5'  primer  and  a  natural 
site  located  21  bp  downstream  of  the  FHIT  stop  codon. 

DNA  sequence  determination 

Cosmid  and  phage  clones  were  sequenced  using  a  random  shotgun 
subcloning  and  end-sequencing  strategy.  Clone  DNA  was  soni¬ 
cated  and  size  selected  by  LMP-agarose  gel  electrophoresis. 
Recovered  fragments  of  1-2  kb  were  end-repaired  with  Klenow 
fragment  of  Escherichia  coli  DNA  polymerase  I  and  T4  DNA 
polymerase,  ligated  into  the  phosphatased  Ecd9N  site  of  pBlues¬ 
cript  n  and  transformed  into  E.coli  DHIOB.  Amp*^/P-Gal" 
subclones  were  grown  in  3  ml  of  TB  for  isolation  of  sequencing 
templates.  To  eliminate  vector  sequences  from  the  subclone  library, 
phage  inserts  were  amplified  by  long-range  PCR.  Inserts  were  gel 
purified,  ^2p  labeled  and  hybridzed  to  subclone  libraries.  Positive 
subclones  were  sequenced  using  an  ABI  373  or  377  and  the  ABI 
Prism  dye  terminator  cycle  sequencing  kit.  Chromatograms  were 
transferred  to  a  SUN  workstation,  analyzed  and  assembled  using 
PHRED  and  PHRAP  (from  Dr  Phil  Green).  Gaps  were  closed  by 
primer  walking.  Based  on  independently  obtained  overlapping 
contigs,  as  well  as  analysis  of  cosmid  vector  sequences  in  some 
subclones,  sequencing  accuracy  was  at  least  99.6%. 

Sequence  analysis 

Assembled  sequences  were  analyzed  for  database  similarities  by 
BLASTN  and  BLASTX,  searching  the  nr  and  dbest  databases 
with  default  parameters.  Strongly  similar  sequences  {P  <e“^^) 


were  retrieved  from  GenBank  for  further  analysis.  Homologies  to 
repeat  sequences  were  found  using  Pythia  (32),  Potential  exons 
were  identified  using  GRAIL2  (58)  and  GeneMark  (31)  pro¬ 
grams.  GeneMark  was  run  using  5th  order  matrices  trained  on 
sequences  with  GC  content  similar  to  the  sequences  checked. 
Sequence  alignments  were  prepared  using  the  FASTA  program 
from  the  Wisconsin  Package  (GCG). 
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NOTE  ADDED  IN  PROOF 

Sequencing  of  the  CC19  deletion  region  has  been  completed  with 
the  finalization  of  lambda  94,  a  phage  proximal  to  lambda  33. 
This  1 8  8 10  bp  sequence  maintains  the  same  characteristics  as  the 
balance  of  FRA3B,  It  is  63%  AT  and  27%  is  comprised  of  known 
repeats  with  the  LI  type  elements  predominating. 
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The  FRA3B  at  3pl4.2  is  the  most  common  of  the  constitutive  aphidicolin-inducible  fragile  sites.  Using  independent  approaches, 
four  groups  of  investigators  have  cloned  and  characterized  this  fragile  site.  The  results  of  these  studies  have  revealed  that  the 
FRA3B  differs  from  other  heretofore  cloned  rare  fragile  sites.  First,  instability  as  manifested  by  chromosome  breakage  occurs 
over  a  large  region  of  DMA,  encompassing  at  least  500  kb.  Second,  sequence  analysis  has  not  revealed  trinucleotide  repeat 
motifs,  characteristic  of  the  rare  fragile  sites.  In  addition  to  containing  the  FRA3B,  band  3pl4  is  also  likely  to  contain  a  tumor 
suppressor  gene,  as  evidenced  by  the  presence  of  deletions,  rearrangements,  and  allele  loss  in  a  variety  of  human  tumors, 
including  lung,  renal,  nasopharyngeal,  cervical,  and  breast  carcinomas.  The  recently  cloned  FHIT  gene  in  3pl4.2  is  a  promising 
candidate  tumor  suppressor  gene,  since  aberrant  FHIT  transcripts  have  been  found  in  a  significant  proportion  of  cancer-derived 
cell  lines  and  primary  tumors  of  the  digestive  and  respiratory  tracts.  Nonetheless,  several  lines  of  evidence  garnered  over  the 
past  year  have  called  into  question  the  role  of  FHIT  as  a  classical  tumor  suppressor  gene,  and  raised  the  question  of  whether  its 
apparent  involvement  simply  reflects  its  location  within  an  unstable  region  of  the  genome.  In  the  following  study,  we  have 
summarized  the  evidence  In  support  of  FHIT  as  a  tumor  suppressor  gene  as  well  as  evidence  against  such  a  role,  and  the 
experimental  evidence  needed  to  demonstrate  that  FHIT  functions  as  a  tumor  suppressor  gene  in  the  pathogenesis  of  human 
tumors.  The  paradigm  of  FHIT  emphasizes  that  confirming  the  role  of  a  candidate  tumor  suppressor  gene  may  prove  difficult, 
particularly  for  those  genes  that  are  located  in  genetically  unstable  regions.  Genes  Chromosomes  Concer  21:281-289,  1998, 
©  1998  Wiley-Liss.  Inc. 


Chromosomal  Fragile  Sites 

Chromosomal  fragile  sites  are  specific  loci  chat 
are  especially  susceptible  to  forming  gaps,  breaks, 
or  rearrangements  in  metaphase  chromosomes  when 
cells  are  cultured  under  conditions  that  inhibit 
DNA  replication,  such  as  low  folate  or  in  the 
presence  of  specific  drugs  (Sutherland  and  Hecht, 
1985).  The  study  of  fragile  sites  was  introduced  in 
the  1970s  by  Sutherland  and  gained  notoriety  with 
the  description  of  the  fragile  site  at  Xq28  (FRAXA) 
associated  with  the  fragile  X  syndrome.  Fragile 
sites  are  now  generally  grouped  into  two  classes, 
the  “rare'’  and  the  “common"  fragile  sites,  based  on 
their  frequency  of  occurrence  and  means  of  induc¬ 
tion.  The  rare  fragile  sites  segregate  in  a  Mendelian 
codominant  manner  and  include  the  FRAXA  and 
some  30  other  fragile  sites,  many  of  which  have 
been  observed  in  only  one  or  a  few  families.  Most  of 
the  rare  fragile  sites  are  induced  by  conditions  of 
folate  stress  (so-called  f()late-scnsiti\  e  fragile  sites), 
whereas  others  are  induced  by  BrdU,  5-azacytidine, 
or  the  AT-specific  ligands,  such  as  distamycin  A. 

The  common  fragile  sites,  on  the  other  hand, 
may  occur  on  all  chromosomes  as  a  constant  feature. 


Like  the  rare  folate-sensitive  fragile  sites,  some 
common  fragile  sites  are  also  induced  by  folate 
stress  and  were  first  observed  when  cells  from  both 
normal  individuals  and  those  affected  with  the 
fragile  X  syndrome  were  grown  under  conditions  to 
induce  the  FRAXA.  However,  unlike  the  rare 
fragile  sites,  they  are  also  induced  by  aphidicolin 
and  similar  inhibitors  of  DNA  replication.  At  pres¬ 
ent,  the  Genome  Data  Base  lists  84  common  fragile 
sites,  although  this  number  is  subject  to  question 
based  on  criteria  for  inclusion.  FRA3B  has  been  of 
particular  interest  since  it  is  the  most  frequent 
common  fragile  site,  and  is  located  in  a  chromo¬ 
some  band  containing  a  putative  tumor  suppressor 
gene(s)  (described  below). 

The  cloning  of  the  FRAXA  and  the  discovery  of 
trinucleotide  repeat  expansion  in  the  associated 
FMRI  gene  marked  the  discovery  of  a  new  mccha- 
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nism  for  mutagenesis  in  human  genetic  disorders. 
Six  rare  fragile  sites  (FRAXA,  FRAXE,  FRAXF, 
FRA16A,  FRA16B,  and  FRAllB)  have  now  been 
cloned  and  characterized  (Warren,  1996;  Vu  et  al., 
1997).  With  the  exception  of  FRA16B.  all  are 
folate-sensitive  fragile  sites,  and  the  mutation  lead¬ 
ing  to  fragility  is  the  expansion  and  mcthylation  of  a 
CCG  repeat  (expanded  GAG,  CTG,  or  GAA  re¬ 
peats  apparently  do  not  give  rise  to  fragile  sites) 
(Jalal  et  al.,  1993).  The  distamycin  A-inducible 
FRA16B  was  recently  cloned  and  found  to  involve 
the  expansion  of  a  33  bp  AT- rich  minisatellite 
repeat  (Yu  et  al.,  1997).  These  changes  can  give  rise 
to  genetic  disease  by  modifying  the  expression  of 
genes  in  which  they  reside,  as  is  the  case  with 
FRAXA  and  FRAXF,  or  by  mediating  chromosome 
deletions,  as  is  seen  in  some  cases  of  Jacobsen 
syndrome.  In  all  cases,  the  changes  give  rise  to 
fragile  sites  by  mechanisms  that  may  involve  forma¬ 
tion  of  complex  intramolecular  structures  that  act  as 
a  block  to  DNA  synthesis. 

In  addition  to  forming  gaps  or  breaks  on  meta¬ 
phase  chromosomes,  common  fragile  sites  have 
been  shown  to  display  a  number  of  characteristics 
of  unstable,  highly  rccombi nogen ic  DNA  in  vitro. 
In  particular,  they  arc  preferred  sites  for  sister 
chromatid  exchanges  (Cjlovcr  and  Stein,  19(S7), 
chromosomal  deletions  and  rearrangements  (Cilover 
and  Stein,  1988;  Wang  et  al.,  1993),  and  the  integra¬ 
tion  of  transfected  plasmid  DNA  (Rassool  et  al., 
1991).  Fragile  sites  have  also  been  implicated  in  the 
initiation  and  perpetuation  of  breakage-fusion- 
bridge  cycles,  leading  to  gene  amplification  in 
Chinese  hamster  cells  in  vitro  (Kuo  et  a!.,  1994; 
Coquclle  et  al.,  1997).  Based  on  this  behavior  and 
their  location  with  respect  to  chromosomal  break¬ 
points  seen  in  tumor  cells,  it  has  been  hypothesized 
that  fragile  sites,  particularly  the  common  fragile 
sites,  may  play  a  mechanistic  role  in  the  recurring 
chromosomal  rearrangements  and  mutations  ob- 
ser\ed  in  tumor  cells  (Le  Beau  and  Rowley,  1984; 
Vunis  and  Soreng,  1984).  These  stLidies  were  based 
largely  on  the  statistical  correlation  of  fragile  sites 
with  the  breakpoints  of  recurring  abnormalities, 
and  they  made  the  assumption  that  instability  at 
fragile  sites  occurs  in  vivo  as  it  does  in  vitro.  l;ntil 
recently,  there  have  been  no  molecular  reagents  to 
test  this  hypothesis  directly.  One  common  fragile 
site,  FRA3B,  has  now  been  cloned.  Perhaps  surpris¬ 
ingly,  it  contains  a  gene  (the  A"///7’gcne)  (Ohta  et 
al.,  1996).  Perhaps  not  surprisingly,  this  gene  is 
unstable  in  many  tumors  (described  below). 


The  Common  Fragile  Site  at  3pl4.2,  FRA3B  . 

Sequences  at  FRA3B  were  identified  using  fouj-  i 
different  approaches.  Wilke  et  al.  (1996)  used  a  ^ 
positional  cloning  approach  and  fluorescence  in  situ  i 
hybridization  (FISH)  to  identify  a  yeast  artificial 
chromosome  (YAC  85()A6)  that  crossed  FRA3B,  I 
and  localized  the  fragile  site  to  a  large  region  of 
>100  kb  that  is  ~160  kb  telomeric  to  the  t(3;8) 
breakpoint  seen  in  a  family  with  hereditary-  renal  ! 
cell  carcinoma.  Paradee  et  al.  (1996)  mapped  a  j 
series  of  aphidicolin-induced  breakpoints  in  chromo-  ^ 
some  3  containing  hybrids  to  the  same  YAC  and 
identified  two  clusters  of  breaks  flanking  the  region 
characterized  by  Wilke  et  al.  By  cloning  sequences  ' 
surrounding  plasmid  DNA  integrated  after  being  | 
transfected  into  cells  treated  with  aphidicolin,  Ras-  | 
sool  et  al.  (1996)  identified  fragile  site  sequences  I 
----350  kb  distal  to  the  t(3;8)  breakpoint.  Finally, 
Ohta  et  al.  (1996)  cloned  the  FHIT  gene  from  the 
same  region,  and  it  is  now  known  that  FHIT  spans 
FRA3B. 

The  results  of  these  studies  suggest  that  the 
common  fragile  sites  and  I"RA3B  in  particular  differ 
from  FR.\XA  and  other  rare  fragile  sites  in  several 
ways,  l-'irst,  genomic  breakage  and  instability  occur 
()\  cr  a  very  large  genomic  region,  extending  approxi¬ 
mately  from  the  t(3;8)  breakpoint  to  a  region  at  least 
500  kb  telomeric  (Paradee  et  al.,  1996;  Rassool  et 
al.,  1996;  Wilke  et  al.,  1996).- Whether  this  repre¬ 
sents  a  single  unstable  region  or  multiple  “hot 
spots"  for  DNA  recombination  or  breakage  is  un¬ 
known.  .Second,  no  repeat  motifs,  such  as  (Y'G 
repeats,  characteristic  of  most  rare  fragile  sites,  have 
been  identified  (Paradee  et  al.,  1996;  Rassool  et  al., 
1996;  Wilke  et  al.,  1996;  Boldog  et  al.,  1997).  4'hus, 
the  molecular  basis  for  fragility  at  FRA3B  is  not  yet 
apparent.  DNA  secpience  analysis  of  1 10  kb  of  the 
centromeric  part  of  f  RA3B  within  intron  5  of  the 
/'Y///’gene  revealed  that  the  region  is  high  in  A-T 
content,  and  in  ! .INF  and  Mh.R  repeats;  however. 
Alu  eleinents  are  reduced  in  fre(|uency  (Boldog  et 
al..  1997).  Several  lines  of  evidence  have  suggested 
that  fragile  sites  are  regions  of  unreidicated  DNA. 
For  example,  chemicals  known  to  induce  fragile 
sites  interfere  with  replication  fork  progression 
and/or  DNA  repair  (COover  et  al.,  1984).  Le  Beau  et 
al.  (unpublished  data)  have  demonstrated  recently 
that  l'R.A3B  is  a  late  replicating  region  and  that 
replication  is  further  delayed,  or  inhibited,  l>v 
aphidicolin.  While  late  replication  alone  does  not 
result  in  a  fragile  site,  fragile  sire  secjuences  may  not 
be  able  to  recover  from  a  further  delav  in  DNA 
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synthesis.  Unreplicated  regions  of  DNA  would  be 
expected  to  affect  localized  chromatin  structure, 
and  to  manifest  the  recombinogenic  properties  of 
common  fragile  sites. 

FH/T;  A  Candidate  Tumor  Suppressor 
Gene  at  3pl4.2 

The  two  approaches  most  commonly  used  to 
determine  the  location  of  a  tumor  suppressor  gene 
are  karyotyping  and  analysis  of  loss  of  heterozygos¬ 
ity  (LOH)  of  mapped  polymorphic  markers.  Using 
these  techniques,  loss  of  DNA  sequences  on  the 
short  arm  of  chromosome  3  was  identified  in  a 
number  of  different  tumor  types,  including  lung 
cancer  (Branch  et  al.,  1987;  Kok  et  al.,  1987;  Naylor, 
1987),  renal  cell  carcinoma  (Zbar  et  al.,  1987; 
Kovacs  et  al.,  1988),  breast  cancer  (Devilee  et  al., 
1989;  Pandis  et  al.,  1993),  and  squamous  cell 
carcinoma  of  the  head  and  neck  (Maestro  et  al., 
1993;  Lo  et  al.,  1994;  Wu  et  al.,  1994;  Partridge  et 
al.*  1996).  At  present,  at  least  four  different  regions 
of  3p  are  believed  to  contain  tumor  suppressor 
genes:  3pl2,  3pl4.2,  3p21.3,  and  3p25.  Candidate 
genes  have  been  identified  at  3pl4.2  (FHIT)  and 
3p25,  the  von  Hippel  Lindau  {VHL)  disease  gene 
(Crossey  et  al.,  1994). 

The  recently  cloned  FHIT  gene  spanning  the 
FRA3B  at  3pl4.2  has  generated  considerable  inter¬ 
est  as  a  promising  candidate  tumor  suppressor  gene. 
fHlT  (for  fragile  histidine  triad)  was  identified  by 
virtue  of  its  location  within  a  region  of  the  genome 
that  was  homozygously  deleted  in  epithelial  cancer 
cell  lines  (Kastury  et  al.,  1996;  Ohta  et  al.,  1996). 
The  FHIT  locus  is  composed  of  10  exons  (exons 
5-9  are  coding)  distributed  over  —500  kb;  the  gene 
spans  the  breakpoint  of  the  constitutional  t(3;8) 
with  three  5'  noncoding  exons  centromeric  of  the 
familial  renal  clear  cell  carcinoma-associated  break¬ 
point,  and  the  remaining  exons  telomeric.  FHIT 
encodes  a  1.1 -kb  mRNA  that  is  ubiquitously  ex¬ 
pressed,  at  relatively  low  levels  (Ohta  et  al.,  1996). 
The  protein  has  147  amino  acids  (16.8  kDa)  with 
52%  identity  and  69%  similarity  in  a  core  region  of 
109  amino  acids  to  diadenosine  5\5’”-P’,P'*-tetra- 
phosphate  (Ap4A)  hydrolase  from  the  fission  yeast 
Scluzo^iaccliaromyces  pom  he  (Ohta  et  al.,  1996).  Both 
of  these  proteins  have  sequence  homology  to  the 
HIT  proteins,  a  family  of  unknown  function  that  is 
characterized  by  four  conserved  histidines,  three  of 
which  comprise  a  histidine  triad  (the  HIT  se¬ 
quence,  HxHxH,  encoded  by  exon  8  in  the  human 
protein). 


Until  recently,  the  function  of  the  FHIT  protein 
was  unknown.  A  clue  as  to  its  possible  function  was 
provided  by  S,  pornhe  Ap4A  hydrolase,  an  enzyme 
that  asymmetrically  hydolyzes  dinucleoside  poly¬ 
phosphates.  In  this  case,  Ap4A  is  the  preferred 
substrate,  and  hydrolysis  produces  AMP  and  ATP. 
Barnes  et  al.  (1996)  have  demonstrated  recently 
that  the  FHIT  protein  is  a  typical  5\5'”-P‘,P’- 
triphosphate  (Ap3A)  hydrolase  (EC  3.6.1.29),  and 
may  function  as  a  homodimer.  Among  the  dinucleo¬ 
side  polyphosphates  (ApnA,  where  n  =  3-6),  Ap3A 
is  the  preferred  substrate,  and  AMP  is  always  one  of 
the  reaction  products.  Moreover,  site-directed  mu¬ 
tagenesis  demonstrated  that  all  four  conserved 
histidines  are  required  for  full  activity,  and  the 
central  histidine  of  the  triad  is  essential  for  Ap3A 
hydrolase  activity  (Barnes  et  al.,  1996).  With  the 
exception  of  FHIT  and  the  S.  pornhe  enzyme,  none 
of  the  other  HIT  proteins  are  known  to  have  Ap3A 
or  Ap4A  hydrolase  activity. 

What  is  the  role  of  FHIT  as  a  growth  suppressor 
in  mammalian  cells.^  If  indeed  FHIT  is  a  tumor 
suppressor  protein,  it  provides  the  first  link  be¬ 
tween  dinucleotide  oligophosphate  metabolism  and 
tumorigenesis.  In  keeping  with  the  paradigm  of 
tumor  suppressor  genes,  loss  of  Ap3A  hydrolase 
activity  and  resulting  elevated  levels  of  Ap3A  and 
related  compounds  would  be  predicted  to  contrib¬ 
ute  to  tumorigenesis.  At  present,  the  mechanism(s) 
by  which  this  might  occur  is  unknown.  Ap3A  and 
Ap4A  have  been  proposed  to  have  a  variety  of 
cellular  functions,  including  the  regulation  of  DNA 
replication  and  intracellular  signaling  in  response  to 
stress  (Plateau  and  Blanquet,  1994);  however,  these 
hypotheses  are  not  yet  supported  by  strong  experi¬ 
mental  evidence.  Dinucleoside  oligophosphates 
have  a  variety  of  effects  as  extracellular  mediators, 
but  FHIT  is  apparently  not  an  extracellular  en¬ 
zyme.  Barnes  et  al.  (1996)  have  proposed  that 
elevated  Ap3A  levels  stimulate  a  signal  transduc¬ 
tion  pathway  that  enhances  growth,  or  blocks  a 
growth-inhibitory  or  apoptotic  pathway.  An  ex¬ 
ample  might  be  the  inhibition  of  a  protein  kinase 
by  elevated  levels  of  Ap3A  functioning  as  an  A'l'P 
analog  (Barnes  et  al.,  1996). 

Evidence  that  FHIT  is  a  T umor  Suppressor  Gene 

The  FHIT  gene  is  a  promising  candidate  tumor 
suppressor  gene,  yet  several  lines  of  evidence 
garnered  o\er  the  past  year  have  called  into  cjucs- 
tion  the  role  of  FHI'Tws  a  classical  tumor  suppressor 
gene.  In  this  and  the  following  section,  we  summa¬ 
rize  the  evidence  in  support  of  as  well  as  against 
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FHf'r  ds  a  tumor  suppressor  ii;cnc.  'I'hc  hypothesis 
that  FHrr  \s  a  tumor  suppressor  itene  is  supported 
by  three  major  observations:  ( 1 )  FH/T\s  located  in  a 
region  of  the  genome  that  is  known  to  be  rear¬ 
ranged  and/or  deleted  in  some  tumor  cells;  (2) 
homozygous  deletions  have  been  identified  in 
some  types  of  tumors  (gastric,  lung)  and,  in  some 
cases,  the  deletions  included  FHFF  exons:  and  (o) 
aberrant  /^///'/'transcripts  have  been  identified  in 
some  tumors,  particularly  tumors  of  the  digesti\‘e 
and  respiratory  tracts. 

By  using  representational  difference  analysis  of 
genomic  DNA,  Lisitsyn  et  al.  (1995)  idencitled  a 
probe  on  3p  (BE75(S-6)  that  detected  homozygous 
deletions  in  colon  carcinoma  cell  lines.  'The  probe 
was  subsequently  mapped  to  5pI4.2  within  FRA5B. 
Kastury  et  al.  (1996)  defined  homozygous  deletions 
encompassing  these  secjuences  in  a  number  of 
gastric,  colorectal,  and  nasopharyngeal  carcinoma 
cell  lines,  as  well  as  LOU  of  an  adjacent  microsatel¬ 
lite  marker  (D3S150())  in  uncultured  gastric  and 
colon  tumors.  'These  results  raised  the  possibility 
that  the  same  tumor  suppressor  gene  was  in\ oK  cd 
in  tumors  of  various  histological  origins.  FH/7'\\  i\s 
identified  subse(jucntly  by  an  exon-trapping  strat¬ 
egy  using  clones  from  a  cosmid  contig  spanning  this 
deleted  region  (Ohra  et  al.,  1996). 

.More  direct  evidence  that  FUFF  is  a  tumor 
suppressor  gene  was  obtained  by  the  analysis  of 
/'///'/’ transcripts  in  tumor  cells  w  ith  genomic  alter¬ 
ations  within  h'RA.lB.  Ohta  et  al.  (1996)  used 
rc\  crse  transcription-P(  !R  (R'T-PC^R)  w  ith  amplifi¬ 
cation  for  .^0  cycles  w  ith  A77/7’primers,  and  reampli¬ 
fication  with  nested  primers  (.10  cycles),  to  examine 
R\.\  from  tumor  cell  lines  as  well  as  uncultured 
esophageal,  stomach,  and  colon  carcinomas.  .Aber¬ 
rant  transcripts  were  identified  in  50%  of  the 
tumors  studied  and  in  most  of  the  cell  lines;  the 
majority  of  the  tumors  and  cell  lines  also  had  a 
normal-sized  transcript  (Ohta  ct  al.,  1996).  Aberrant 
transcripts  w'crc  smaller,  and  scujuencc  analysis 
rewealed  the  absence  of  \arious  regions  between 
exons  4-9  (exon  5  encodes  the  initial  methionine  of 
the  open  reading  frame,  and  exon  (S  encodes  the 
MI'T  domain).  In  most  of  the  aberrant  transcripts, 
the  beginning  and  end  of  the  missing  segments  of 
tile  transcripts  coincided  with  splice  sites.  'These 
{)bscr\ations  were  compatible  with  the  possibility 
that  cONA  deletions  resulted  from  loss  of  genomic 
regions  containing  the  relev  ant  lost  exons.  Altcrna- 
ti\  ely,  as  described  in  the  next  section,  they  could 
also  be  explained  by  the  presence  of  rare  aberrantly 
splicetl  me.ssages  in  a  tissue  or  cell  population. 


If /’W'/'is  the  relevant  tumor  suppre.ssor  gene  in 
3pl4.2,  one  w'ould  expect  a  high  freciuency  of 
aberrant  FHFF  transcripts  in  tumors  characterized 
by  a  high  incidence  of  allele  loss  at  3pl4,  e.g..  lung, 
breast,  colon,  and  head  and  neck  squamous  cell 
carcinomas.  In  this  regard,  aberrant  transcripts  were 
detected  in  30%  of  breast  carcinomas  and  cell  lines 
(Negrini  et  al.,  1996),  in  80%  of  primary  small  cell 
lung  cancers  (SCLC),  and  in  40%  of  primarx' 
nonsmall  cell  lung  cancers  (NSCLC);  most  of  these 
tumors  also  had  allelic  losses  for  microsatellite 
markers  wathin  or  flanking  FHFF  (Sozzi  et  al., 

1996) .  In  another  example,  Virgilio  et  al.  (1996) 
detected  aberrant  A'///'/’transcripts  in  a  high  propor¬ 
tion  of  head  and  neck  stjuamous  cell  carcinoma  cell 
lines  (55%),  and  several  of  these  cell  lines  showed 
homozygous  deletions  within  FHIT  by  Southern 
blot  analysis. 

In  these  early  studies,  homozygous  deletions  of 
FHFF  exons  were  observed  only  in  tumor-derived 
cell  lines,  raising  c(jncerns  about  the  role  o{' FHlT'xn 
carcinogenesis  (X’irgilio  et  al.,  1996:  Druck  et  al., 

1997) .  Michael  et  al.  (1997)  have  addressed  the 
(jucstion  of  the  role  of  AV//'/’ alterations  and  their 
relati()nshi[)  to  h'R/\3B  in  the  early  stages  of  tumor 
develojmicnt  by  examining  FHFF  in  a  prcmalig- 
nant  condition  of  the  csoidiagus,  Barrett's  metapla¬ 
sia,  and  in  the  associated  esophageal  adenocarcino¬ 
mas.  I  sing  single-stage  T(dL  they  detected  aberrant 
/'///'/'transcripts  in  12  out  of  14  (86%)  Barrett’s 
mcta[)lasias,  and  in  14  out  of  15  (93%)  of  the 
adenocarcinomas  examined  from  the  same  patients. 

( iharacterization  of  the  altered  transcripts  rcw  caled 
FHFF  mR.N.A  lacking  one  or  more  exons,  with 
deletions  of  exons  5-7  being  most  fretjuent.  .Analy¬ 
sis  of  genomic  DNA  showed  homozygous  deletions 
imoh  ing  exon  5  in  4  out  of  20  (20%)  esophageal 
adenocarcinomas,  and  hemizygous  dcleci{>ns  in  7 
cases  (35%.):  exon  5  v\’as  show'n  by  h'lSTI  to  lie 
w  ithin  h'R/\3B.  Ilemizygous  deletions  of  exon  .5 
were  detected  in  a  fewv  ILirrett’s  metaplasias  <no 
hornozygoLis  deletions  were  detected),  indicating 
that  genomic  rearrangements  wathin  the  FHFF! 
h'RA3B  locus  may  be  early  events,  occurring  in  the 
premalignant  tissue.  'These  results  demonstrate 
that,  in  some  primary  tumors  with  aberrant  FH!'F 
transcripts,  genomic  deletions  of  F H FI' exons  ha\'e 
occurred.  While  these  data  do  not  exclude  the 
tumor  suppre.ssor  gene  model,  the  authors  empha¬ 
size  that  genomic  instability  is  a  frequent  character¬ 
istic  of  tumor  cells  and  common  fragile  sites:  any 
gene  associated  with  these  regions  may  thus  be 
susceptible  to  such  instability. 
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Evidence  Against  FHIT  as  a  Tumor 
Suppressor  Gene 

Are  F///T  deletions  a  cause  or  an  effect  of 
cancer?  Since  the  identification  of  the  FHIT  gene, 
certain  observations  have  cast  doubt  on  its  role  as  a 
tumor  suppressor.  First,  it  is  becoming  increasingly 
clear  that  the  incidence  of  FHIT  alterations  has 
been  overestimated  in  some  studies  due  to  the  fact 
that  the  frequently  reported  “aberrant”  transcripts 
most  often  represent  low-abundance  splicing  vari¬ 
ants  observed  with  the  use  of  nested  PCR.  Second, 
even  in  those  cases  in  which  altered  transcripts 
clearly  result  from  genomic  alterations,  these  are 
most  frequently  found  in  only  a  single  allele,  with 
production  of  normal  transcripts  from  the  remain¬ 
ing  allele.  With  some  exceptions,  homozygous  ex- 
onic  deletions  appear  to  be  rare  except  in  cell  lines. 
Third,  mutations  other  than  deletions  are  vanish¬ 
ingly  rare.  Finally,  the  presence  of  intronic  dele¬ 
tions  associated  with  normal  transcripts  in  some 
tumors  suggests  an  alternative  hypothesis  that  both 
these  deletions  and  those  affecting  exons  may  arise 
through  genomic  instability  without  providing  a 
selective  advantage  to  the  affected  cell  (Thiagalin- 
gam  et  al.,  1996;  Boldog  et  al.,  1997;  Michael  et  al., 
1997;  Ongetal.,  1997). 

In  the  initial  report  which  suggested  that  FHIT 
was  altered  in  approximately  50%  ot  gastrointesti¬ 
nal  cancers  (Ohta  et  al.,  1996),  the  predominant 
transcript  generated  by  RT-PCR  was  wild-type. 
Not  only  did  the  “altered”  products  usually  repre¬ 
sent  a  minority  population  after  two  rounds  of  PCR, 
but  they  often  appeared  to  be  of  similar  size.  The 
same  types  of  alterations  were  reported  in  a  high 
proportion  of  lung  cancers  by  Sozzi  et  al.  (1996), 
who  suggested  that  altered  function  of  FHIT  is 
critical  in  lung  carcinogenesis.  In  both  of  these 
diseases,  subsequent  studies  appear  to  contradict 
the  original  reports. 

Thiagalingam  et  al.  (1996),  using  only  one  round 
of  PCR  for  the  AW/7’ coding  sequence,  observed 
normal-sized  transcripts  in  29  out  ot  32  gastrointes¬ 
tinal  cancers,  and  in  each  case  the  sec|uence  compo¬ 
sition  was  normal.  Similarly,  only  2  out  of  16  (13%) 
informative  cases  showed  loss  ot  heterozygosity  at 
D3S1300(near  A'///?  exon  5)  in  primary  gastrointes¬ 
tinal  tumors,  and  none  showed  aberrant  transcripts 
CFamura  et  al.,  1997).  Ot  note  was  that  4  out  ot  7 
(57%)  cell  lines  had  homozygous  deletions  of  vari¬ 
able  size,  all  of  which  included  D3S13()().  In  an¬ 
other  studv  of  lung  cancer  cell  lines,  no  S(JL(>  lines 
(0/17)  lacked  A'///7’ expression  or  expressed  only 
aberrant  transcripts,  whereas  30%  (7/24)  of  NSCLC 


cell  lines  had  these  abnormalities  (Yanagisawa  et  al., 
1996).  Using  nonnested  PCR,  Fong  et  al.  (1997) 
demonstrated  wild-type  transcripts  in  98  out  of  the 
102  lung  carcinomas  examined.  In  addition,  most 
tumors  as  well  as  normal  tissues  contained  a  tran¬ 
script  that  lacked  exon  8,  previously  reported  from 
various  cDNA  libraries  and  tumors  by  Boldog  et  al. 
(1997). 

Van  den  Berg  et  al.  (1997)  observed  wild-type 
FHIT  transcripts  in  all  clear-cell  renal  carcinoma 
cell  lines  examined;  however,  most  of  these  also 
had  aberrant  transcripts.  Since  LOH  ot  markers  in 
the  FHIT  region  was  observed  in  most  of  the  cell 
lines,  the  various  transcripts  observed  in  each 
sample  likely  originated  from  a  single  allele.  With 
respect  to  primary  tumors,  Bugert  et  al.  (1997) 
observed  a  breakpoint  within  the  FHIT  region  in 
only  3  out  of  100  sporadic  nonpapillary  renal  cell 
carcinomas,  whereas  94  tumors  had  a  breakpoint 
proximal  to  FHIT.  Normal-sized  FHIT  transcripts 
were  detected  in  33  of  34  tumors  examined. 

Finally,  apparently  identical  aberrant  FHIT  tran¬ 
scripts  have  been  observed  in  nonmalignant  tissues 
(Boldog  et  al.,  1997;  Panagopoulos  et  al.,  1997;  van 
den  Berg  et  al.,  1997).  Since  most  of  the  “altered” 
transcripts  are  of  low  abundance  and  are  missing 
discrete  exons  in  the  absence  of  genomic  exon 
deletions  or  genomic  DNA  splice  site  mutations, 
they  should  be  regarded  as  alternative  splicing 
variants  of  unknown  significance.  Also  likely  to 
represent  splicing  \'ariants  are  those  products  con¬ 
taining  exact  insertions  of  novel  DNA  stretches 
between  exons  or  exon  groups. 

One  of  the  more  interesting  aspects  of  AW/7' as  a 
potential  tumor  suppressor  gene  concerns  its  chro¬ 
mosomal  position  spanning  the  location  of  the 
hereditary  renal  carcinoma  associated  t(3;8)  (Ohta 
et  al.,  1996).  A'/Z/T  has  also  been  implicated  in  a 
somatic  rearrangement,  t(3;12),  in  a  benign  pleomor¬ 
phic  adenoma  of  the  parotid  gland  ((Courts  et  a!., 
1997).  This  translocation  involved  the  high  mobil¬ 
ity  group  protein  gene,  HMGIC.  implicated  in  a 
variety  of  pleomorphic  salivary  gland  adenomas  and 
other  benign  tumors.  Several  other  chromosomal 
partners  have  been  involved  in  Wl/676’  rearrange¬ 
ments.  To  date,  the  other  partner  genes  or  se¬ 
quences  include  a  /74/-domain  protein  (LFP),  the 
mitochondrial  aldehyde  dehydrogenase  gene 
(AIJ)H2),  a  predicted  gene  with  a  serinc/threonine- 
rich  domain,  and  RIVL-H  3  U1  R  sccjuences 
(Kazmierezak  et  al.,  1996;  Geurts  et  al.,  1997).  In 
the  t(3;l2),  a  fusion  AW/Y’/ Wl/G/G  transcript  as  well 
as  normal  AW/7’ transcripts  are  produced.  At  pres- 
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enc,  there  is  no  evidence  demonstrating  that  the 
chimeric  protein  acts  as  a  dominant  negative  inhibi¬ 
tor  of  the  wild-type  protein.  Since  HMGIC  is 
involved  in  multiple  translocations,  the  authors 
hypothesized  that  the  critical  feature  of  this  rear¬ 
rangement  is  alteration  of  the  ///I/G/6’ gene,  rather 
than  FHIT (Geurts  et  al.,  1997). 

Tumor  suppressor  genes  may  be  inactivated  in  at 
least  two  ways:  (1)  mRNA  expression  can  be 
eliminated  or  reduced  substantially  by  mutations  in 
regulatory  regions  (as  is  the  case  with  RBI),  by  gene 
deletions  (as  in  CDKN2),  or  by  aberrant  methylation 
(as  in  \  HL),  or  (2)  synthesis  of  a  functional  protein 
may  be  precluded  by  missense,  nonsense,  frame- 
shift,  or  splice-site  gene  mutations.  A  striking 
feature  of  FHIT  is  the  apparent  near  absence  of 
mutations  of  the  second  type.  Several  studies  have 
examined  the  normal-sized  transcripts  by  DNA 
sequence  analysis  (Negrini  et  al.,  1996;  Thiagalin- 
gam  et  al.,  1996;  Fong  et  al.,  1997).  With  rare 
exceptions,  e.g.,  lung  carcinoma  cell  line  H128 
(Sozzi  et  al.,  1996),  there  have  been  no  demon¬ 
strable  base  substitutions,  frame  shifts,  or  microde¬ 
letions,  as  might  have  been  expected  by  analogy  to 
other  tumor  suppressor  genes.  Even  homozvgous 
deletions  appear  to  be  uncommon  in  most  primary 
tumors,  being  seen  for  example  in  only  6  of  135 
lung  cancers,  with  only  3  of  these  involving  a  FHIT 
exon  (Fong  et  al.,  1997). 

As  described  earlier,  the  3pl4.2  common  fragile 
site,  FRA3B,  has  been  shown  to  represent  a  region 
of  500  kb,  rather  than  a  single  breakage  point 
(Paradee  et  al.,  1996;  Rassool  et  al.,  1996:  Wilke  et 
al.,  1996;  Boldog  et  al.,  1997).  By  using  probes  from 
a  corresponding  300  kb  contig  for  Southern  blot 
analysis,  Boldog  et  al.  (1997)  found  homozygous 
deletions  in  nearly  90%  of  cervical  and  50%  of 
colorectal  carcinoma  cell  lines.  However,  several 
deletions  did  not  involve  /"'////’exons  (also  noted 
by  Sozzi  et  al.,  1996,  and  Ong  et  al.,  1997).  DNA 
sequence  analysis  of  one  intronic  deletion  failed  to 
shou’  additional  genes,  and  no  alterations  in  FH!! 
transcripts  were  found.  Interestingly,  in  these 
samples  the  deletions  appeared  to  be  correlated 
with  the  presence  of  TP53  mutations,  suggesting 
they  might  be  a  consecjuence  of  genomic  instabil¬ 
ity.  Another  observation  is  the  presence  of  discon¬ 
tinuous  deletions  (Boldog  et  al.,  1997;  Druck  et  al., 
1997;  Ong  et  al.,  1997).  While  the  mechanisni  and 
timing  of  these  deletions  are  presently  unknown, 
their  discontinuity  may  reflect  either  continued 
instability  or  the  lack  of  clonal  selection,  or  both. 
Such  redundant  deletions  are  unnecessarv  for  the 


inactivation  of  FHIT  and  may  simply  reflect  ge¬ 
netic  instability  (Boldog  et  al.,  1997). 

In  summary,  a  variety  of  observations  raise  consid¬ 
erable  doubt  for  the  proposed  role  of  FHIT  as  a 
tumor  suppressor  gene.  We  also  note  that,  while 
several  human  tumor  types  have  very  frequent 
allele  lo.ss  for  loci  within  3pl4.2,  the  frequency  of 
aberrant  FHIT  transcripts  is  considerably  lower  in 
these  same  tumors,  which  suggests  that  the.se 
phenomena  are  unrelated. 

Experimental  Evidence  Needed  to  Support 
the  Role  for  FHIT  as  a  “Classical”  Tumor 
Suppressor  Gene 

The  basic  criteria  that  have  defined  tumor  sup¬ 
pressor  genes  are  (1)  the  presence  of  loss  of  func¬ 
tion  mutations,  (2)  inactivation  in  both  familial  and 
sporadic  tumors,  and  (3)  the  fact  that  the  tumor 
phenotype  can  be  rescued  by  the  wild  allele.  Here 
we  outline  experimental  evidence  that  is  not  vet 
available,  but  would  provide  support  for  a  role  for 
FHTTds  a  ‘'classical”  tumor  suppre.ssor  gene.  Homo¬ 
zygous  deletions  of  DNA,  resulting  in  the  absence 
of  normal  /^////’mRNAs,  were  identified  in  a  small 
minority  of  the  tumors  and  tumor  cell  lines  exam¬ 
ined:  these  examples  conform  to  a  classical  tumor 
suppressor  model.  However,  the  vast  majority 
(>90%)  of  both  the  ceil  lines  and  tumor  samples 
studied  by  R'F-PCR  show  that  aberrant  FHIT 
transcripts  are  accompanied  by  apparently  normal 
transcripts.  Because  some  R'F-PCR  reactions  can 
result  in  overrepresentation  of  shorter,  aiternati\elv 
spliced  messages,  it  will  be  necessary  to  demon¬ 
strate  that  these  aberrant  FHTT  transcripts  result 
from  alterations  in  genomic  DNA  setjuences. 

In  cases  where  FHIT  is  expressed,  albeit  aber¬ 
rantly,  Northern  blot  analysis  of  FHTT  mRNA 
should  be  performed  to  determine  if  mRNA  expres¬ 
sion  is  substantially  reduced.  However,  for  those 
examples  where  no  dramatic  reduction  in  levels  of 
mRNA  are  demonstrated,  it  would  be  necessary  tc 
demonstrate  that  the  protein  product  is  absent  or 
(|ualitati\ely  altered.  At  present,  there  is  no  evi¬ 
dence  that  altered  M  irP  [■)roteins  are  produced, 
i.e.,  no  missense  mutations  have  been  identified, 
and  the  majority  of  aberrant  transcripts  are  unlikely 
to  be  translated  since  exon  5,  which  contains  the 
AliG  initiator  codon  for  protein  synthesis,  is  lost,  if 
altered  hHl  I  proteins  are  identified  and  are  func¬ 
tional,  then  III  FT  may  conform  to  a  dominant 
negative  model  for  tumorigenesis. 

further  proof  that  FHTT  is  a  tumor  suppressor 
gene  w  ill  necessitate  demonstrating  that  the  aboli¬ 
tion  of  IHTT  gene  expression  contributes  to  a 
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tumorigenic  phenotype  and,  conversely,  that  reintro¬ 
duction  of  a  wild-type  gene  suppresses  some  aspect 
of  the  malignant  phenotype  in  vitro  and  in  vivo. 
Finally,  the  generation  and  phenotypic  analysis  of 
an  FHIT  knockout  mouse  may  provide  important 
information  on  FHIT  function.  In  particular,  an 
increased  and  earlier  development  of  cancer  in 
heterozygotes  and  in  homozygotes,  if  viable,  would 
provide  valuable  corroborative  evidence  that  FHIT 
is  a  tumor  suppressor  gene. 

Recently,  we  have  come  to  appreciate  that  the 
traditional  definition  of  tumor  suppressor  genes 
may  need  to  be  broadened,  in  that  a  number  of 
genes  have  been  identified  that  do  not  fulfill  all  of 
the  criteria  stated  above.  An  example  is  the  mutator 
genes  involved  in  DNA  mismatch  repair,  whose 
loss  of  function  leads  to  genetic  damage  that  cannot 
be  remedied  by  the  reintroduction  of  a  wild-type 
allele.  Haber  and  Harlow  (1997)  have  suggested 
that  tumor  suppressor  genes  should  be  defined  as 
“genes  that  sustain  loss  of  function  mutations  in  the 
development  of  cancer.”  Whether  or  not  FHIT 
meets  this  simpler  definition  remains  to  be  deter¬ 
mined. 

As  we  have  argued,  while  FHIT  can  be  consid¬ 
ered  a  candidate  tumor  suppressor  gene,  additional 
evidence  will  be  necessary  to  confirm  this  proposed 
function.  There  are  a  number  of  cases  in  which 
confirmation  of  the  role  of  a  candidate  tumor 
suppressor  gene  has  proved  difficult.  Most  cases  of 
uncertainty  have  resulted  from  difficulty  in  deter¬ 
mining  which  of  several  genes  within  a  minimal 
region  of  loss  of  heterozygosity  or  homozygous 
deletion  may  function  as  a  tumor  suppressor  gene. 
For  example.  MCC  was  initially  reported  to  be 
mutated  in  sporadic  colon  cancer  and  to  be  a 
candidate  for  the  critical  gene  involved  in  LOH  of 
5q  in  colorectal  cancer  (Kinzier  et  al.,  1991);  how¬ 
ever,  subsequent  results  indicated  that,  despite 
properties  appropriate  for  a  tumor  suppressor  gene 
(Matsumine  et  al,,  1996),  it  may  rarely  play  a  role  in 
cancer.  Selection  for  functional  loss  of  the  neighbor¬ 
ing  .4 /Y.' gene  is  instead  principally  responsible  for 
LOH  in  the  region. 

A  still  controversial  case  is  DCC,  which  lies  within 
a  common  region  of  LOH  on  chromosome  18  and 
was  thought  for  many  years  to  be  a  tumor  suppres¬ 
sor  gene  (Fearon  et  al,,  1990).  This  has  been 
brought  into  question  by  recent  evidence  that 
identifies  DCC  as  an  evolutionarily  conserved  recep¬ 
tor  that  directs  axonal  growth  and  by  tlie  failure  of 
its  genetic  disruption  to  predispose  to  tumor  forma¬ 


tion  (Fazeli  et  al.,  1997;  Leonardo  et  al.,  1997).  The 
closely  neighboring  genes,  MADR2  {SAIAD2)  and 
DPC4  {SMAD4),  have  now  more  clearly  been  identi¬ 
fied  as  tumor  suppressor  genes  (Eppert  et  al.,  1996; 
Hahn  et  al.,  1996).  Loss  of  these  and  possibly  yet 
unidentified  genes  may  largely  be  responsible  for 
LOH  on  18q. 

The  role  of  candidate  tumor  suppressor  genes 
identified  through  homozygous  deletions  has  gener¬ 
ally  proved  less  difficult  to  confirm.  In  rare  cases, 
homozygous  deletions  have  been  quite  large,  mak¬ 
ing  it  difficult  to  be  certain  which  of  the  genes 
affected  are  responsible.  Deletions  on  9p  can  be 
greater  than  2  Mb  in  size  (Stadler  and  Olopade, 
1996).  Despite  the  clear  involvement  of  CDKN2 
(pl6),  the  role  of  concomitant  loss  of  an  alterna¬ 
tively  spliced  form  of  the  gene  (with  production  of  a 
second  protein  in  a  different  reading  frame)  and  of 
the  neighboring,  related  gene  CDKN2B  remains 
uncertain  in  many  tumor  types. 

The  more  frequently  cells  with  deletions  are 
generated,  the  smaller  the  selective  pressure  re¬ 
quired  for  fixation  of  the  mutation  within  the 
population.  Deletions  may  be  generated  at  high 
frequency  in  genetically  unstable  regions  of  the 
DNA.  For  example,  each  of  the  very  large  number 
of  cysts  developing  in  human  autosomal  dominant 
polycystic  kidney  disease  type  I  apparently  arises 
through  independent  loss  of  the  normal  allele,  as  a 
result  of  instability  of  the  region  of  the  affected 
PDKl  gene  (Qian  et  al.,  1996).  As  a  limiting  case, 
highly  unstable  regions  may  be  expected  to  lead  to 
deletions  at  a  sufficiently  high  rate  so  as  to  be  found 
at  significant  frequency  in  clonal  lines  even  in  the 
complete  absence  of  selection.  Given  the  instabil¬ 
ity  of  the  FRA3B  region,  perhaps  compounded  by 
genomic  instability  of  the  affected  cells,  we  feel 
that  the  FHIT  deletions  found  in  tumor  cell  lines 
can  perhaps  be  explained  in  this  manner,  without  a 
need  to  postulate  a  tumor  suppressor  role  for  the 
gene.  Further  experimentation,  as  outlined  above, 
will  be  required  to  distinguish  between  these  two 
alternatives. 
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Des  anomalies  affectent  le  chromosome  3p  humain  dans  dif- 
ferents  types  de  cancer,  dont  les  cancers  pulmonaires.  Trois 
regions  de  deletions  chromosomiques  sont  observees  en 
3p25,  3p21.3  et  3pl2-14  et  la  frequence  elevee  de  perte 
d’heterozygotie  dans  les  tumeurs  suggere  la  presence  d’un 
ou  de  plusieurs  genes  suppresseurs  de  tumeurs  dans  ces 
regions.  Si  un  gene  suppresseur,  le  gene  VHL  (von  Hippel 
Lindau),  a  ete  localise  en  3p25,  la  presence  d’autres  genes 
suppresseurs  en  3p21.3  et  3pl2-14  n’a  pas  encore  ete 
demontree.  La  region  3pl4.2  inclut  le  site  de  la  translocation 
t(3;8)  associee  au  cancer  hereditaire  du  rein,  le  site  fragile 
commun  FRA3B  et  le  gene  suppresseur  de  tumeur  suppose 
FHIT,  mais  les  deletions  observees  de  fa^on  recurrente 
pourraient  resulter  d’une  instabiUte  genomique  de  la  region. 
Dans  la  region  3p21.3,  sont  localises  le  gene  GNAI2  codant 
pour  une  sous-unite  d’une  proteine  G  inhibitrice  et  le  gene 
de  la  semaphorine  IV.  Outre  leur  role  dans  le  guidage  des 
axones,  les  semaphorines  poiuraient  etre  impbquees  dans  la 
differenciation  et  la  reconnaissance  cellulaires. 
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Le  cancer  du  poiimon  est 
Tune  des  premieres  causes  de 
mortalite  dans  les  pays  deve- 
loppes.  Un  certain  nombre 
d’alterations  genetiques 
affectent  des  proto-oncogenes  tel 
MYC  ainsi  que  des  genes  suppres¬ 
seurs  de  tumeurs  com  me  RB  et  P53. 
En  outre,  d’autres  anomalies  impli- 
quent  des  deletions  et  des  amplifica¬ 
tions  chromosomiques  (pour  mise  au 
point  recente,  voir  [1]):  des  etudes 
cytogenetiques  et  des  analyses  de 
perte  d’heterozygotie  (LOH)  ont  mis 


en  evidence  des  deletions  affectant  la 
region  3p  dans  des  lignees  cellulaires 
provenant  de  carcinomes  du  pou- 
mon  a  petites  cellules  (SCLC),  ces 
alterations  etant  un  evenement  pre- 
coce  dans  le  developpement  des 
tumeurs  (pour  revue,  voir  [2]). 

Les  tumeurs  de  phenotype  SCLC 
mettent  en  jeu  des  cellules  pulmo¬ 
naires  d’origine  epitheliale  qui  syn- 
thetisent  des  marqueurs  de  differen¬ 
ciation  neuroendocrine  comme 
I’enolase  specifiqiie  des  neurones.  La 
frequence  dc  perte  d’heterozygotie 
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de  la  region  3p  atteint  pratiquement 
100%  des  cas;  cette  frequence  est 
reduite  a  environ  75  %  dans  le  cas  de 
tumeurs  pulmonaires  qui  ne  sont  pas 
a  petites  cellules,  NSCLC  [3,  4]. 
Cette  perte  d’heterozygotie  est  prin- 
cipalement  localisee  dans  3  regions: 
3p25,  3p21.3  et  3pcen-3pl4  (figure  1). 
Ces  observations  ont  conduit  a 
I’hypothese  qu’un  ou  plusieurs  genes 
suppresseurs  de  tumeurs  resident  sur 
le  chromosome  3p  [2]. 

Dans  le  cas  de  la  region  3p25,  la  pre¬ 
sence  du  gene  suppresseur  VHL  (von 
Hippel  Lindau)  [5],  a  ete  clairement 
montree.  Ce  gene  code  pour  un 
effecteur  negadf  de  I’elongation  de 
la  transcription  [6]  et  son  inactiva¬ 
tion  predispose  les  individus  a  difFe- 
rents  cancers  dont  le  carcinome 
renal. 


Dans  le  cas  des  regions  3p21.3  et 
3pcen-3pl4,  le  transfert  d’ADN  pro- 
venant  de  ces  regions  permet  de 
reduire  I’apparition  de  tumeurs  chez 
des  souris  immunodeficientes  [7,  8], 
Cependant,  les  nombreuses  donnees 
experimentales  n’ont  pas  encore  per- 
mis  de  caracteriser  sans  ambiguite  un 
gene  suppresseur  [2] . 

Get  article  a  pour  objectif  de  presen¬ 
ter  une  mise  au  point  des  connais- 
sances  concernant  la  recherche  de 
genes  suppresseurs  de  tumeurs  sur 
3p.  Dans  une  premiere  partie,  nous 
decrirons  les  caracteristiques  des 
regions  3pcen“3pl4  et  3p21.3, 
Taccent  sera  plus  particulierement 
mis  sur  la  description  de  la  region 
3p21.3,  Ensuite,  nous  exposerons  les 
proprietes  des  semaphorines  dont 
deux  genes  sont  localises  en  3p21.3. 


Ces  genes  etant  inclus  dans  une 
region  qui  presente  un  effet  antitu- 
moral,  nous  discuterons  leur  partici¬ 
pation  eventuelle  au  developpement 
des  tumeurs, 

ICartographie  des  regions 
3p14.2  et  3p21.3 

Region  3pl4.2 

La  perte  d’heterozygotie  de  la  region 
3pl2-14  est  frequente  dans  les  cas  de 
carcinomes  du  rein,  du  col  de  Tute- 
rus,  de  la  gorge  et  du  nasopharynx. 
Cette  region  complexe  inclut  le 
site  de  la  translocation  t(3;8) 
(pl4.2;q24.1)  impliquee  dans  le  can¬ 
cer  hereditaire  du  rein  [9,  10],  ainsi 
que  le  site  fragile  commun  FRA3B 
[11].  En  fait,  ce  site  fragile  repre¬ 
sente  une  region  d^environ  200  kb 
plutot  qu’un  point  unique  de  fragi- 
lite.  En  effet,  il  contient  des  sites  de 
cassure  induits  par  I’aphidicoline 
ainsi  que  les  sites  d ’integration  du 
vecteur  pSV2Neo  et  du  virus  du 
papillome  humain  HPV16  [2,  12]. 
Nous  avons  pu  mettre  en  evidence, 
dans  la  region  du  marqueur 
D3S1300  et  a  sa  proximite,  une  serie 
de  deletions  homozygotes  dans  des 
lignees  cellulaires  proven  ant  de  car¬ 
cinomes  du  col  de  I’uterus  et  du 
colon  et,  a  une  frequence  moindre, 
dans  des  lignees  de  carcinomes  du 
poumon  et  du  sein  [12] ;  la  taille  de 
la  plus  courte  sequence  d’ADN  dele- 
tee  est  d’environ  40  kb.  Pendant 
notre  etude,  le  gene  FHIT  (fragile  his¬ 
tidine  triad)  a  ete  clone  et  localise  de 
part  et  d’autre  du  site  de  transloca¬ 
tion  t(3;8)  [13].  La  proteine  codee 
par  ce  gene  presente  50  %  d’analogie 
avec  le  produit  du  gene  Aphlp  de 
levure.  Ce  dernier  code  pour  une 
pyrophospho-hydrolase  diadenosine 
tetraphosphate  dont  la  fonction  est 
de  diver  de  fagon  asymetrique  un 
dinucleotide,  la  diadenosine  5’,  5”’- 
P^P'‘-tetraphosphate  (AP4A),  en  ATP 
et  AMP.  La  fonction  de  AP4A  n’est 
pas  clairement  etablie,  mais  il  semble 
que  cette  molecule  soit  impliquee 
dans  la  replication  et  la  reparation 
de  I’ADN  ainsi  que  dans  la  prolifera¬ 
tion  cellulaire.  Le  gene  FHIT,  com¬ 
pose  d’au  moins  10  exons,  s’etend 
sur  500 kb;  seul  I’exon  5  de  ce  gene 
est  localise  dans  la  region  de  dele¬ 
tions  homozygotes  que  nous  avons 
decrites  [12].  Ohta  et  at.  ont  montre 
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Figure  1.  Chromosome  3p  humain.  Les  regions  de  deletions  homozygotes 
sont  indiquees  sur  la  partie  gauche  de  la  figure.  La  premiere  deletion  homo¬ 
zygote  a  ete  decrite  dans  la  lignee  SCLC,  U2020  [45].  Les  genes  candidats 
impliques  dans  le  developpement  de  tumeurs  sont  indiques  sur  la  partie 
droite  [1J:  RAF  (gene  de  la  proteine-kinase  Raf)JHRB  (gene  du  recepteur  P  de 
I'hormone  thyroidienne),  RAR  (gene  du  recepteur  de  I'acide  retinolque), 
hMLHI  (gene  d'une  proteine  de  reparation  de  TADN),  UBE1L  (ou  D8,  code 
pour  une  enzyme  d'activation  de  I'ubiquitine),  SemalV  et  SemaV  (genes  de 
semaphorines),  GNAI2  (gene  de  la  sous-unite  de  la  proteine  Gi2),  FHIT  (gene 
de  la  pyrophospho-hydrolase  diadenosine  tetraphosphate),  HRCA1  (hereditary 
renal  carcinoma  associated-1  gene).  Le  gene  VHL  (von  Hippel  Lindau)  est  le 
seul  pour  lequel  la  fonction  de  suppresseur  de  tumeurs  soit  clairement  etablie. 
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que  Texpression  de  ce  gene  etait 
alteree  dans  environ  50  %  des  cas  de 
carcinomes  de  I’cesophage,  de  I’esto- 
mac  et  du  colon  et  ils  ont  emis 
rhypothese  que  FHIT  serait  un  gene 
suppresseur  de  tumeurs  [13]. 
Cependant,  un  certain  nombre 
id’ observations  allant  a  I’encontre  de 
cette  hypothese  [2,  12],  des  etudes  in 
vivo  sont  necessaires  pour  montrer  le 
role  de  FHIT  dans  le  developpement 
des  tumeurs,  au  niveau  de  la  croissance 
ou  de  la  difFerenciation  cellulaires. 

Le  sequen^age  de  I’ADN  a  mis  en  evi¬ 
dence  une  analogic  entre  la  teneur 
et  la  composition  en  elements  repe- 
tes  d’une  region  de  110,4  kb  de 
FRA3B  et  celles  de  la  region  de 
152  kb  du  chromosome  X,  impliquee 
dans  le  syndrome  de  I’X  fragile  [12]. 
Cette  derniere  contient  le  site  fragile 
FRAXA.  De  meme,  la  region  impli¬ 
quee  dans  le  syndrome  de  TX  fragile 
et  le  site  fragile  FRA3B  sont  riches  en 
AT  (63%)  et  pauvres  en  genes. 
L’hypothese  de  la  presence  d’un 
gene  suppresseur  en  3pl4  avait  ete 
initialement  proposee.  Mais  la  pre¬ 
sence  et  la  caracterisation  des  dele¬ 
tions  en  3pl4  suggerent  plutot  une 
instabilite  genomique  de  cette  region 
que  la  perte  selective  d’un  gene  sup¬ 
presseur.  En  effet,  cette  hypothese 
expliquerait  I’existence  de  deletions 
discontinues  dans  des  tumeurs  et  la 
presence  de  deletions  dans  des 
echantillons  non  tumoraux. 

Carte  physique  de  la  region  3p2L3 

La  region  3p21.3  presente  des  dele¬ 
tions  homozygotes  dans  des  lignees 
SCLC;  on  la  subdivise  en  deux  sous- 
regions,  proximale  et  distale.  La 
carte  physique  de  la  region  proxi¬ 
male  a  ete  realisee  a  partir  de  I’ADN 
de  trois  lignees  cellulaires  provenant 
de  carcinomes  du  poumon  a  petites 
cellules,  NCI-H740  [14],  GLC20  [15] 
et  NCI-H1450  [16].  L’ADN  de  ces 
trois  lignees  cellulaires  presente  une 
deletion  homozygote  dans  la  region 
proche  du  marqueur  D3F13S2,  ce  qui 
conduit  a  la  deletion  du  gene  GNAI2 
codant  pour  la  sous-unite  Gai2  d’une 
proteine  G  heterotrimerique  [17]. 
Les  bordures  telomeriques  de  ces 
trois  deletions  sont  localisees  pres 
d’un  point  de  cassure  se  produisant 
spontanement  dans  Thybride  soma- 
tique  de  radiation  2A3-CT,  et  cette 
region  est  particulierement  instable. 


Leurs  extremites  centromeriques  se 
situent  pres  du  point  de  la  transloca¬ 
tion  t(3;7)  impliquee  dans  le  syn¬ 
drome  de  Greig  (figure  2A).  La  taille 
de  la  region  commune  deletee  dans 
les  trois  lignees  etudiees  est  d’envi- 
ron  450  kb,  elle  correspond  a  la  dele¬ 
tion  de  la  lignee  GLC20  (figure  2B). 
Des  deletions  homozygotes  dans 
cette  region  ont  egalement  ete  mises 
en  evidence  directement  dans  des 
tumeurs  du  poumon  et  non  plus  uni- 
quement  dans  des  lignees  cellulaires 
en  culture  [4]. 

La  zone  de  deletion  distale  a  ete 
observee  dans  cinq  lignees  provenant 
de  cancers  pulmonaires  [18],  puis 
dans  deux  tumeurs  du  poumon  [16]. 
De  taille  estimee  a  800  kb  [18],  elle 
est  situee  en  3p21.3-p22  a  15  cM  de 
la  deletion  impliquant  le  gene 
GNAI2  [16].  Des  etudes  complemen- 
taires  sont  necessaires  pour  definir 
ses  limites  de  fagon  plus  precise.  II 
est  interessant  de  remarquer  que  le 
gene  de  reparation  de  I’ADN, 
fiMLHl  [19]  implique  dans  le  cancer 
du  colon,  est  situe  a  proximite  imme¬ 
diate  de  cette  deletion  distale. 
Cependant,  nous  n’avons  pas  pu 
mettre  en  evidence  des  remanie- 
ments  importants  de  ce  gene  dans 
24  lignees  tumorales  et  25  tumeurs 
pulmonaires  testees  [16]. 

Genes  de  la  region  3p21.3 

Plus  de  50  genes  ont  ete  cartographies 
en  3p21  dont  plusieurs  codant  pour 
des  proteines  a  doigts  de  zinc.  Aucun 
gene  n’a  pour  I’instant  ete  decrit  dans 
la  region  de  deletion  3p21.3  distale, 
mais  on  en  a  localise  plusieurs  dans  la 
region  3p21.3  proximale  [2].  Nous  ne 
decrirons  ici  que  les  genes  presents 
dans  la  region  deletee  commune  aux 
trois  lignees  SCLC  decrites. 

Le  gene  GNAI2  code  pour  la  pro¬ 
teine  Gai2,  Tune  des  trois  isoformes 
de  Gai,  responsable  de  I’inhibition 
de  I’activite  adenyl  cyclasique  et  de  la 
stimulation  de  canaux  potassiques 
dependant  de  I’ATP.  Cette  proteine 
est  aussi  impliquee  dans  des  pheno- 
menes  plus  complexes  comme  la  pro¬ 
liferation  des  fibroblastes  ou  la  stimu¬ 
lation  de  MAP-kinases.  Le  gene 
GNAI2  poLirrait  done  representer  un 
bon  candidat  comme  gene  suppres¬ 
seur  de  cancer.  A  I’encontre  de  cette 
hypothese,  Daly  et  al  [14]  ont  mon- 
tre  par  RT  PCR,  que  ce  gene  etait 


exprime  dans  14  lignees  cellulaires 
provenant  de  cancer  du  poumon 
mais  aucune  etude  de  mutation 
ponctuelle  n’a  ete  realisee  par  ces 
auteurs  dans  ces  lignees.  Cependant, 
des  mutations  qui  modifient  Tactivite 
GTPase  ont  ete  decrites  dans  des 
tumeurs  de  la  thyroi'de  et  de  I’ovaire. 
En  outre,  des  souris  rendues  defi- 
cientes  en  Gi2  developpent  une 
maladie  inflammatoire  du  gros  intes- 
tin  qui  evolue  vite  vers  la  colite  ulce- 
reuse  et  I’adenocarcinome  [20].  Le 
developpement  d’un  adenocarci- 
nome  pourrait  cependant  resulter 
des  processus  inflammatoires  et  les 
resultats  devraient  etre  compares  a 
ceux  obtenus  dans  des  conditions 
d’elevage  sterile  des  animaux. 

Des  experiences  de  capture  d’exons 
(exon  trapfnng)  nous  ont  permis  d’iso- 
ler  un  ADNc  que  nous  avons  appele 
SemaFV  et  qui  code  pour  une  nou- 
velle  proteine  de  la  famille  des  sema- 
phorines/collapsines  [16],  famille 
dont  les  caracteristiques  et  les  fonc- 
tions  seront  decrites  dans  le  prochain 
paragraphe.  Le  meme  ADNc  a  ete 
clone  et  nomme  SEMA3F  par  le 
groupe  de  Naylor  [21].  En  outre, 
dans  cette  meme  region,  un  second 
gene  de  la  famille  des  semaphorines 
(SeinaV)  a  ete  clone  par  le  groupe  de 
Minna  [22].  Le  gene  GNAT-l,  qtii 
code  pour  la  transducine,  une  pro¬ 
teine  fixant  le  GTP  exprimee  unique- 
ment  dans  la  retine,  a  ete  localise  a 
proximite  [22].  La  region  minimale 
de  deletion  en  3p21.3  contient  done 
une  zone  de  duplication  ou,  dans  un 
fragment  de  70  kb,  deux  genes 
codant  pour  des  proteines  fixatrices 
de  GTP  sont  flanques  de  deux  genes 
codant  pour  des  semaphorines. 

Une  carte  transcriptionnelle  de  la 
region  3p21.3  a  ete  recemment 
publiee  a  partir  de  la  construction 
d’un  contig  de  cosmides  de  600  kb 
[23]  ou  15  sequences  potentiellement 
transcrites  et  18  ilots  CpG  ont  ete 
positionnes.  Cette  carte  confirme  la 
presence  et  les  positions  relatives  des 
deux  genes  SemalV  ci  5maTainsi  que 
des  deux  genes  GNAI2  et  GNAT-L  Un 
autre  ADNc  (LuCa),  qui  code  pour 
une  proteine  dont  la  fonction  reste  a 
definir,  est  situe  dans  la  region  com¬ 
mune  et  minimale  de  deletion. 

Au  cours  des  derniers  mois,  le 
Genome  Center  de  I’Universite  de 
Washington  (Saint  Louis,  MI,  USA)  a 
engage  un  programme  de  sequen- 
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Figure  2.  Carte  de  la  region  proximate  3p21,3.  A.  Carte  physique  de  la  region.  B.  Representation  des  deletions  homo^ 
zygotes  des  lignees  SCLC  (NCh740,  NCI-1450  et  GLC20),  de  la  region  commune  de  deletion  et  du  fragment  de  2  Mb 
de  la  lignee  hybride,  HAI3)BB9F,  possedant  I'actlvlte  antitumorale.  Les  points  d'Interrogatlon  represented  rincertl- 
tude  au  niveau  des  llmites  des  deldlons.  C.  Carte  transcriptlonnelle  de  la  region  commune  de  deldlons.  Les 
sequences  ont  efe  obtenues  a  partir  du  serveur  du  departement  de  gendlque  de  IVnlversIte  de  Washington 
(ftp://genome.wustLedu/pub/gsc1/sequence/st.louls/human/)  et  comparees  aux  sequences  de  Genbank  (nr  et  EST)  au 
moyen  de  BLASTn:  sequences  transcrites  Identiflees  (rectangles  rouges)  et  groupes  d'ADNc  non  identifies  (rec¬ 
tangles  blancs).  Le  gene  g17  code  pour  un  transporteur  (U49082).  La  localisation  du  clone  PI  294  a  I'effet  antltumo- 
ral  est  Indlquee  dans  la  dernlere  partle  de  la  figure;  elle  est  dedulte  des  Indications  fournles  par  les  travaux  du 
groupe  de  Naylor  [24J. 


gage  systematique  de  la  region  3p21. 
L’acces  aux  sequences  donnees  dans 
les  banques  nous  a  permis  d’etablir  la 
carte  ou  sont  localises  un  certain 
nombre  de  genes  et  de  sequences 
potentiellement  transcrites  (figure  2C). 
Une  publication  recente  du  groupe 
de  Naylor  [24]  apporte  des  argu¬ 


ments  forts  concernant  la  presence 
eventuelle  d’un  gene  suppresseur  de 
tumeurs  dans  la  region  3p21.3.  En 
effet,  ces  auteurs  ont  pu  reduire  la 
region  d’interet  de  2  Mb  a  un  frag¬ 
ment  d’ADN  de  80  kb  clone  dans  un 
vecteur  PI  (figure  2C)  et  ils  ont  mon- 
tre  que  ce  fragment  etait  suffisant 


pour  la  suppression  de  la  croissance 
tumorale  in  vivo.  Selon  la  carte  pre¬ 
sentee  par  les  auteurs,  les  genes 
SemalV  et  GNA12  seraient  presents 
dans  ce  fragment  de  80  kb  [2,  24].  II 
nous  semble  done  interessant  de  pre¬ 
senter  les  caracteristiques  et  les  pro- 
prietes  des  semaphorines. 
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ILes  semaphorines/ 
collapsines  . 

Ces  proteines  sont  exprimees  dans 
de  nombreuses  especes,  des  insectes 
aux  mammiferes.  Ce  sont,  soil  des 
proteines  de  surface  membranaires, 
soit  des  proteines  excretees  [25-27]. 
Elies  presentent  des  caracteristiques 
communes:  une  taille  d’environ 
750acides  amines,  un  domaine 
conserve  appele  domaine  «  Serna  » 
d’environ  500  acides  amines  caracte- 
rise  par  la  presence  de  14  a  16  cys¬ 
teines,  plusieurs  blocs  d’acides  ami¬ 
nes  conserves  et  un  site  potentiel 
d’amino-glycosylation.  Elies  sont  clas- 
sees  en  cinq  families  en  fonction  de 


la  presence  d’un  domaine  de  type 
immunoglobuline  (69  acides  ami¬ 
nes),  de  motifs  thrombospondine 
et/ou  d’un  domaine  transmembra- 
naire  (figure  3).  Des  analogies  de 
sequences  au  niveau  du  domaine 
« Serna »  ont  ete  trouvees  dans  des 
proteines  virales  d’un  virus  herpes 
[28]  ainsi  que  chez  des  poxvirus 
(virus  de  la  vaccine  et  de  la  variole) 
[25] ;  les  semaphorines  des  poxvirus 
ne  possedent  qu’une  forme  tronquee 
de  ce  domaine.  On  estime  qu’il 
existe  une  vingtaine  de  semaphorines 
differentes  chez  Fhomme. 

Les  semaphorines  IV  et  V  appartien- 
nent  a  la  classe  III  (presence  d’un 
domaine  de  type  immunoglobuline 


et  sequence  carboxy-terminale  riche 
en  acides  amines  basiques).  L’analo- 
gie  la  plus  forte  est  celle  qui  existe 
entre  la  proteine  SemalV  et  la  sema- 
phorine  murine  SemE,  les  proteines 
SemalllD  (humaine  et  murine)  et 
leur  equivalent  chez  le  poidet,  la 
collapsine  I  (figure  4).  Ces  semapho¬ 
rines  sont  excretees  et  interviennent 
au  cours  du  developpement  dans  la 
croissance  de  certains  neurones  et 
leur  guidage:  ce  sont  des  effecteurs 
presentant  un  effet  repulsif  sur  le 
guidage  des  cones  de  croissance 
([29,  30]  et  revues  [26,  27,  31-33]). 

Quelle  est  la  fonction 
de  la  proteine  SemalV? 

Pour  rinstant,  nous  ne  la  connais- 
sons  pas.  Son  gene  est  exprime  sous 
la  forme  d’un  transcrit  qui  subit  un 
epissage  alternatif;  la  forme  majori- 
taire  de  3  kb  est  presente  dans  plu¬ 
sieurs  tissus  humains  foetaux  et 
adultes,  notamment  le  poumon.  II 
semble  pen  probable  que  cette  pro¬ 
teine  soit  impliquee  uniquement 
dans  des  fonctions  neuronales;  elle 
pourrait  I’etre  egalement  dans  des 
phenomenes  de  differenciation,  de 
reconnaissance,  d’adherence  et/ou 
de  migration  cellulaires.  Differentes 
observations  vont  d’ailleurs  dans  le 
sens  d’un  role  plus  large  des  sema¬ 
phorines :  (1)  on  denombre  chez 
I’homme  environ  une  vingtaine  de 
semaphorines;  (2)  I’invalidation  par 
recombinaison  homologue  du  gene 
Semalll  chez  la  souris  a  montre  que  la 
semaphorine  III  est  necessaire  non 
seulement  au  developpement  du 
tissu  nerveux  mais  aussi  a  celui  des  os 
et  du  coeur  [34]  ;  (3)  les  motifs 
thrombospondine  presents  dans  les 
semaphorines  de  classe  V  entrent 
dans  la  composition  de  la  matrice 
extracellulaire  [35] ;  (4)  la  presence 
de  proteines  contenant  le  motif 
Serna  chez  des  virus  suggere  qu’elles 
auraient  une  fonction  dans  Timmu- 
nosuppression  [25] ;  (5)  la  semapho¬ 
rine  CD  100  induit  Tagregation  des 
lymphocytes  B  et  ameliore  leur  viabi- 
lite  in  vitro  [32,  36] ;  cette  semapho¬ 
rine  jouerait  done  un  role  dans  le 
fonctionnement  du  systeme  immuni- 
taire ;  (6)  le  role  de  la  semaphorine  E 
humaine  dans  le  developpement  de 
la  resistance  aux  drogues  (non  MDR) 
dans  les  cancers  vient  d’etre  rapporte 
par  Yamada  et  ai  [37]. 
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NTer 


200  aa 


\  CTer 


Peptide  signal 
11^1  Domaine  Serna 
m  Motif  Immunoglobuline 
Motif  Thrombospondine 


Domaine  transmembranaire 
♦++  Riche  en  aa  basiques 
I  I  Membrane 


Figure  3.  Representation  des  cinq  families  de  semaphorines  et  de  la  forme 
virale  des  poxvirus.  Le  schema  pubfie  par  Puschel  et  al.  [27]  a  ete  adapte  en 
y  incluant  la  forme  virale  des  poxvirus.  Les  differents  domaines  sont  repre- 
sentes  a  I'echelle  et  les  proteines  sont  localisees  par  rapport  a  la  membrane 
cellulaire:  les  formes  //,  III  et  virales  sont  secretees  et  les  formes  L  IV  et  V 
sont  membranaires.  Les  extremites  carboxyferminales  des  formes  membra¬ 
naires  sont  cytoplasmiques.  aa:  acides  amines,  N-Ter:  extremite  amino-ter- 
minale,  C-ter:  extremite  carboxy-terminale. 
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Quel  est  le  mode  de  foncdonnement 
des  semaphorines  ? 

On  en  connait  peu  de  choses  pour 
rinstant,  mais  Texistence  de  deux 
groupes  de  proteines  secretees  et 
transmembranaires  suggere  qu’elles 
fonctionneraient,  soit  localement, 
soil  a  distance.  Dans  le  cas  des  sema¬ 
phorines  secretees,  le  domaine  car- 
boxy-terminal  basique  leur  permet- 
trait  d’etablir  des  liaisons  avec  des 
charges  negatives  sur  la  matrice 
extracellulaire  ou  sur  la  membrane 
cellulaire.  Le  domaine  immunoglo- 
buline  pourrait  contribuer  a  Tetablis- 


sement  d ’interactions  avec  d’autres 
proteines.  Les  recepteurs  de  sema¬ 
phorines  secretees  ont  ete  recem- 
ment  clones  et  identifies :  il  s’agit  de 
la  neuropiIine-1  et  de  la  neuropiline- 
2  [38-41]. 

Dans  le  cas  de  la  collapsine  I  (Coll  I) 
de  poulet,  fhomologue  de  SemalV, 
on  a  isole  un  mediateur  intracellu- 
laire,  le  CRMP-62  (collapsin  response 
mediator  protein)  [42].  II  est  Tanalogue 
de  la  proteine  neuronale  UNC-33  de 
nematode  et  il  serait  un  interme- 
diaire  entre  Coll  I  et  une  proteine  G; 
la  collapsine  activerait  une  cascade 
de  transmission  du  signal  par  Tinter- 


mediaire  de  proteines  G  trimeriques. 
Cependant,  le  recepteur  de  Coll  I 
reste  pour  finstant  inconnu  [38-41]. 
Par  ailleurs,  on  a  identifie  un  recep¬ 
teur  des  netrines,  autre  classe  de  pro¬ 
teines  impliquees  dans  le  guidage  des 
neurones  [32,  33].  Il  s’agit  d’une 
proteine  transmembranaire  de  la 
superfamille  des  immunoglobulines 
codec  par  le  gene  DCC  (deleted  in  colo¬ 
rectal  colon)  [43].  Bien  que  la  fonction 
de  suppresseur  de  DCCvienne  d’etre 
remise  en  cause  par  des  experiences 
d ’invalidation  de  ce  gene  chez  la  sou- 
ris  (m/s  n°2,  vol  13,  p,  243)  [44],  il  est 
toutefois  interessant  de  noter  que 
deux  genes,  DCC  et  Serna,  tous  deux 
impliques  dans  le  controle  du  deve- 
loppement  des  cones  de  croissance 
des  neurones,  sont  localises  dans  des 
regions  chromosomiques  soumises  a 
des  deletions  dans  deux  types  diffe- 
rents  de  tumeurs. 

Les  semaphorines 
dans  les  cellules  tumorales 

Des  etudes  de  sequengage  d’ADNc 
obtenus  par  RT-PCR  a  partir  de 
281ignees  SCLC  n’ont  mis  en  evi¬ 
dence  que  des  polymorphismes  de 
I’ADN  des  genes  SemalV  et  SemaV 
[21].  L’analyse  de  1201ignees  tumo¬ 
rales  n’a  pas  montre  de  rearrange¬ 
ments  des  genes  codant  pour  les 
semaphorines  [22]  sauf  dans  le  cas 
des  trois  lignees  SCLC  decrites  qui 
presentent  une  deletion  homozygote 
des  genes  SemalV  ei  SemaV\  le  gene 
Smfl/y  est  exprime  dans  un  plus 
grand  nombre  de  lignees  SCLC  etu- 
diees  que  le  gene  SemaV  [22].  Cepen¬ 
dant,  I’expression  de  Sma/y presente 
des  variations,  d’une  part,  au  niveau 
de  la  quantite  d’ARN  messager  et, 
d’autre  part,  au  niveau  du  rapport 
des  deux  formes  d’ARNm  obtenues 
par  epissage  altematif  [16].  La  signi¬ 
fication  de  ces  variations  n’est  pas 
comprise  pour  I’instant. 

Les  genes  SemalV,  SemaV  et  GNAI2 
sont  localises  dans  une  region  sou- 
mise  a  des  pertes  d’heterozygotie  et  a 
des  deletions  homozygotes  et  ils  sont 
done  des  genes  candidats  interes- 
sants  dans  I’etude  du  developpement 
des  tumeurs.  En  outre,  les  genes 
SemalV  et  GNAI2  sont  inclus  dans  la 
sequence  de  80  kb  ayant  un  effet  sup¬ 
presseur  de  croissance  des  tumeurs. 
Enfm,  I’hypothese  selon  laquelle  les 
semaphorines  activeraient  une  cas- 
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cade  de  transmission  du  signal  met- 
tant  en  jeu  des  proteines  G  trime- 
riques  ainsi  que  I’ensemble  de  leurs 
fonctions  supposees  renforcent 
I’interet  de  I’etude  de  ces  genes. 

I  Conclusion 

La  presence  d'un  gene  suppresseur  a 
ete  clairement  demontree  pour  la 
region  3p25.  En  revanche,  la  situation 
est  moins  claire  pour  la  region  3pl4 
dont  les  deletions  resulteraient  de 
Tinstabilite  chromosomique.  De 
meme,  la  participation  de  la  region 
3p21.3  dans  le  developpement  du 
cancer  du  poumon  est  complexe  dans 
la  mesure  ou  des  deletions  dans  deux 
zones  difFerentes  pourraient  avoir  des 
effets  independants,  cumulatifs  ou 
synergiques;  la  participation  de  plu- 
sieurs  genes,  presents  dans  cette 
region,  dans  le  developpement  des 
tumeurs  meriterait  d’etre  evaluee  ■ 


Remerdements 

Les  auteurs  remercient  VARC  (Assodation 
pour  la  Recherche  sur  le  Cancer)  pour  son 
soutien  financier  des  travaux  concernant 
I’etude  des  genes  de  la  region  3p21.3  en  cours 
de  realisation  dans  I’ESA  Cnrs  6031  (IBMIG‘ 
Universite  de  Poitiers).  Les  travaux  effectues  a 
rUniversite  du  Colorado  ont  beneficie  du  sou¬ 
tien  financier  du  NIH  (ROl  CA68383).  La  col¬ 
laboration  entre  les  deux  laboratoires  est  aidee 
par  une  «  Subvention  a  la  Recherche  Collabo¬ 
rative  »  de  la  part  de  I’OTAN  (Organisation  du 
Traite  de  TAtlantique  Nord). 
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Summary 

Chromosome  3p,  tumor 
suppressors  and  new  semaphonn 
genes  at  3p21.3 

Loss  of  chromosome  3p  material 
is  a  critical  event  in  the  pathoge¬ 
nesis  of  lung  cancer  and  other  car¬ 
cinomas.  Loss  of  heterozygosity 
(LOH)  studies  have  defined  at 
least  three  different  regions 
(3p25,  3p21.3  and  3pl4<:en)  that 
may  contain  tumor  suppressor 
genes  (TSG).  The  identifption  of 
homozygous  deletions  involving 
3pl2-13,  3pl4  and  3p21.3  in  cell 
lines  and  direct  tumors  support 
the  LOH  results  and  have  been 
used  to  further  define  the  impor¬ 
tant  segments.  The  VHL  (von  Hip- 
pel  Lindau)  gene  from  3p25  is  a 
tumor  suppressor  but  is  rarely 
involved  in  non-syndrome  tumors 
including  lung  cancer.  The  3pl4.2 
region  contains  the  fragile  site, 
FRA3B,  a  hereditary  renal  carci¬ 
noma-associated  3;8  translocation 
and  a  putative  tumor  suppressor 
gene,  FHIT.  However,  our  studies 
indicate  that  FHIT  is  not  selecti¬ 
vely  lost  and  therefore  may  not  be 
a  TSG.  In  contrast  to  the  selective 
loss  of  a  tumor  suppressor  gene, 
an  alternative  hypothesis  is  that 
some  recurrently  deleted  regions 
such  as  FRA3B  could  undergo  loss 
as  a  consequence  of  genomic 
instability.  Distinct  homozygous 
deletions  have  been  identified  in 
3p21.3 :  the  more  distal  is  adjacent 
to  the  DNA  mismatch  repair  gene 
hMLHl  and  the  more  proximal 
includes  GNAI2  coding  for  the 
Gai2  subunit  of  a  G  protein,  and 
two  genes  coding  for  Semaphorins 
IV  and  V.  Semaphorins/collapsins 
were  first  identified  as  nerve 
growth  cone  guidance  signals  that 
act  as  selective  repulsive  factors. 
However,  their  wide  expression 
suggests  that  they  could  serve 
other  functions  such  as  cell  diffe¬ 
rentiation  or  recognition.  As  a 
consequence,  their  inactivation 
could  be  potentially  important  in 
tumor  development. 
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ABSTRACT  The  3;8  chromosomal  translocation, 
t(3;8)(pl4.2;q24.1),  was  described  in  a  family  with  classical 
features  of  hereditary  renal  cell  carcinoma.  Previous  studies 
demonstrated  that  the  3pl4.2  breakpoint  interrupts  the  frag¬ 
ile  histidine  triad  gene  {FHIT)  in  its  5'  noncoding  region. 
However,  evidence  that  FHIT  is  causally  rdated  to  renal  or 
other  malignancies  is  controversial.  We  now  show  that  the 
8q24.1  breakpoint  region  encodes  a  664-aa  multiple  mem¬ 
brane  spanning  protein,  TRC8,  with  similarity  to  the  hered¬ 
itary  basal  cell  carcinoma/segment  polarity  gene,  patched. 
This  similarity  involves  two  regions  of  patched^  the  putative 
sterol-sensing  domain  and  the  second  extracellular  loop  that 
participates  in  the  binding  of  sonic  hedgehog.  In  the  3;8 
translocation,  TRC8  is  fused  to  FHIT  and  is  disrupted  within 
the  sterol-sensing  domain.  In  contrast,  the  FHIT  coding 
region  is  maintained  and  expressed.  In  a  series  of  sporadic 
renal  carcinomas,  an  acquired  TRC8  mutation  was  identified. 
By  analogy  to  patched^  TRC8  might  function  as  a  signaling 
receptor  and  other  pathway  members,  to  be  defined,  are 
mutation  candidates  in  malignant  diseases  involving  the 
kidney  and  thyroid. 


The  3;8  chromosomal  translocation,  t(3;8)(pl4.2;q24.1),  was 
described  in  a  family  with  classical  features  of  hereditary  renal 
cell  carcinoma  (RCC),  i,e,,  autosomal  dominant  inheritance, 
and  early  onset  and  bilateral  disease  (1).  The  translocation  and 
RCC  segregated  concordantly,  and  a  follow-up  analysis  re¬ 
ported  the  occurrence  of  thyroid  cancer  in  two  translocation 
carriers  with  RCC  (2).  Frequent  3p  loss  of  heterozygosity  in 
sporadic  RCC  led  to  the  initial  assumption  that  a  critical  tumor 
suppressor  gene  (TSG)  would  be  located  at  3pl4.  However, 
identification  of  the  von  Hippel-Lindau  (VHL)  gene  at  3p25 
(3),  which  frequently  is  mutated  in  RCC,  provided  an  alter¬ 
native  explanation  for  at  least  some  observed  3p  loss  of 
heterozygosity.  Also,  van  den  Berg  and  Buys  (4)  subsequently 
have  reported  that  region  3p21  may  be  a  target  involved  in  the 
malignant  progression  of  renal  tumors. 

Within  3pl4,  Ohta  et  ai  (5)  identified  the  fragile  histidine 
triad  gene  {FHIT),  which  was  interrupted  in  its  5'  untranslated 
region  by  the  3;8  translocation.  The  human  gene,  like  its  yeast 
homologue,  encodes  diadenosine-5 ',5 '"-F^F■^-triphosphate 
hydrolase  activity  (6),  an  unprecedented  TSG  function.  Al¬ 
though  several  reports  have  described  FHIT  alterations  in 
diverse  carcinomas  by  using  nested  reverse  transcripta,se-PCR 
(RT-PCR)  (5,  7-10),  other  results  have  been  contradictory 
(11-17).  In  fact,  most  FHIT  abnormalities  occur  in  the  pres¬ 
ence  of  wild-type  transcripts  and  result  from  low-abundancc 
splicing  alterations,  similar  to  those  seen  for  TSGlOl  (13,  18). 
We  described  a  series  of  3pl4  homozygous  deletions,  primarily 
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in  cervical  and  colorectal  carcinoma  cell  lines,  which  coincided 
with  FRA3B,  the  most  inducible  fragile  region  in  the  genome 
(14).  Interestingly,  p53  alterations  appeared  to  be  a  prerequi¬ 
site.  The  proximity  of  FHIT  exon  5  with  FR  A3B  suggested  that 
its  loss  might  be  primarily  related  to  genomic  instability  in 
contrast  to  negative  selection  during  tumor  development  (14). 

These  results  made  FHIT  an  unlikely,  or  at  least  suspect, 
causative  gene  in  the  hereditary  t(3;8)  family  and  led  us  to 
continue  a  search  for  alternatives.  We  noted  that  FHIT,  in  one 
parotid  adenoma,  underwent  fusion  with  the  high  mobility 
group  protein  gene  (HMGIC),  the  causative  gene  in  a  variety 
of  benign  tumors  (19).  In  fact,  other  HMGIC  translocations 
with  unrelated  genes  indicated  that  FHIT  could  be  a  bystander 
in  this  fusion.  However,  it  suggested  that  the  3;8  translocation 
might  fuse  FHIT  to  an  alternative  candidate  gene  on  chromo¬ 
some  8.  By  using  5'  rapid  amplification  of  cDNA  ends  (RACE) 
(20),  we  were  able  to  identify  a  gene,  TRC8,  which  was  related 
to  the  Drosophila  segment  polarity  gene  patched.  In  addition  to 
being  the  receptor  for  sonic  hedgehog  (21,  22),  patched  is 
responsible  for  both  hereditary  and  sporadic  basal  cell  carci¬ 
nomas  as  well  as  medulloblastomas  (23-25).  Together  with  the 
identification  of  a  TRC8  mutation  in  a  sporadic  renal  carci¬ 
noma,  our  results  indicate  that  TRC8  may  define  an  additional 
pathway  of  mutations  leading  to  the  development  of  renal  and 
thyroid  cancer. 

MATERIALS  AND  METHODS 

Tumors,  Cell  Lines,  and  Genomic  Clones.  Tumor  cell  lines 
were  obtained  from  the  American  Type  Culture  Collection, 
and  somatic  cell  hybrids  were  generated  by  us  previously  (26). 
The  hybrids  TL12-8  and  3;8/4-l  contain  the  der(3)  and  der(8) 
chromosomes,  respectively,  from  the  t(3;8)  lymphoblastoid  cell 
line  TL9944  (without  either  normal  3  or  8  chromosomes).  The 
human  lymphoblastoid  line  AG4103  served  as  a  normal  con¬ 
trol.  Isolation  of  DNA  and  RNA  was  performed  by  using 
standard  methods.  The  HD-7  genomic  phage  clone  carrying 
the  3;8  translocation  breakpoint  from  the  der(8)  chromosome 
was  isolated  from  a  library  prepared  from  the  TL9944  cell  line 
in  k  FIXII  (Stratagene).  A  chromosome  3  probe  (A4040;  ref. 
27),  which  maps  just  distal  to  the  3;8  breakpoint  and  detects  the 
rearrangement,  was  used  for  screening  this  library. 


Abbreviations:  RCC,  renal  cell  carcinoma;  TSG,  tumor  suppressor 
gene;  FHIT,  fragile  histidine  triad  gene;  RACE,  rapid  amplification  of 
cDNA  ends;  TRC8,  translocation  in  renal  carcinoma,  chromosome  8 
gene;  TM,  transmembrane  segment;  SSD,  sterol-sensing  domain; 
RT-PCR,  reverse  transcriptase -PCR;  SSCP,  single-stranded  confor¬ 
mational  polymorphism  analysis;  HMG,  hydroxymcthylglutaryl;  YAC, 
yeast  artificial  chromosome. 

Data  deposition:  The  sequences  reported  in  this  paper  have  been 
deposited  in  the  GcnBank  database  (accession  nos.  AF064800  and 
AF064801). 

‘I'To  whom  reprint  requests  should  be  addressed,  e-mail:  gemmill@ 
loki.uchsc.edu. 

^Present  address:  CuraGcn  Corporation,  12085  Research  Drive,  Ala¬ 
chua,  FL  32615. 
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RACE.  5'  RACE  was  performed  essentially  as  described 

(28) .  First-strand  cDNA  synthesis  was  primed  by  using  a  FHIT 
exon  4-specific  primer  R1  (TCAGAAGACTGCTACCTCT- 
TCG),  followed  by  dCTP  tailing  with  terminal  deoxynucleo- 
tidyl  transferase.  Primary  amplification  used  the  AAP  5' 
RACE  primer  together  with  a  nested  FHIT  exon  4-specific 
primer  R2  (TCAGTGGCAGGATGCACAG).  Second-round 
PCR  used  primer  AUAP  with  a  second  nested  FHIT  exon 
4-specific  primer  R3  (GGTCTAAGCAGGCAGGTATTC). 
Products  were  cloned  into  a  T-vector  (pBluescript  II  KS), 
analyzed  by  hybridization  with  additional  internal  FHIT  oli¬ 
gonucleotides  F4  (TGGAAGGGAGAGAAAGAG)  and  R4 
(GGTATTCCTAGGATAC),  and  sequenced. 

Chromosomal  Localization  and  RT-PCR  Analysis.  PCR 
mapping  used  r/?C5-specific  primers  R-M  (GCCCTGCCTT- 
TACATCATCGAC)  and  F-O  (AGATCTGGAGCACGAT- 
GCAGAAC).  PCRs  were  performed  under  touch-down  an¬ 
nealing  conditions  with  Perkin-Elmer  Buffer  II  and  Promega 
AmpliTaq  DNA  polymerase.  Touch-down  annealing  temper¬ 
atures  started  at  70°C  and  ended  at  60°C  (A7  of  “0.5°C  per 
cycle)  for  20  cycles,  followed  by  15  cycles  at  60°C.  Products 
generated  from  10  to  40  ng  of  template  were  separated  on  a 
2,0%  agarose  gel.  cDNA  synthesis  used  random  hexamer 
primers  along  with  Superscript  II  (Life  Technologies,  Gaith¬ 
ersburg,  MD),  Subsequent  PCRs  were  performed  as  above, 
except  touch-down  annealing  temperatures  were  adjusted  to 
65°C-55°C.  The  EMR  primer,  specific  for  the  3'  portion  of 
TRC8,  was  TCTTGTTAGCCAAAAGACTCG,  whereas  the 
FI  primer  specific  for  FHIT  exon  1  was  TCCCTCTGCCTT- 
TCATTCC. 

DNA  Sequence  Analysis.  Sequencing  was  performed  on  an 
ABI377  through  the  Colorado  Cancer  Center  DNA  Sequenc¬ 
ing  Core.  Analysis  for  transmembrane  segments  (TMs)  was 
performed  by  using  five  prediction  programs:  PHDJitm  at 
EMBL  (http:/ /www.embl-heidelberg.de/predictprotein/), 
TMpred  at  ISREC  (http://ulrec3.unil.ch/software/ 
TMPREDJorm.html),  SOSUI  at  Tokyo  University  (http:// 
www.tuat.ac.jp/~mitaku/adv_sosui/),  DAS  at  Stockholm  Uni¬ 
versity  (http://www.biokemi.su.se/~server/DAS/),  and 
PSORT  at  Osaka  University  (http://psort.nibb.ac.jp/).  All  10 
TMs  that  are  underlined  in  Fig.  lA  were  predicted  by  at  least 
four  of  the  five  programs,  although  in  most  cases  the  programs 
did  not  agree  on  the  precise  boundaries  of  the  segment. 

Single-Stranded  Conformational  Polymorphism  Analysis 
(SSCP).  SSCP  was  performed  by  the  method  of  Spritz  et  al. 

(29) .  Nine  primer  sets  were  designed  to  amplify  the  entire 
coding  region  in  segments  averaging  325  bp  and  that  also 
would  span  any  intron-exon  boundaries.  These  primer  sets 
were:  set  1  (setlF  AGTTGCCCGCCTTAGCC  and  setlR 
CCAAAGACACATACTCGACCC),  set  2  (set2F  CATA- 
ACTCTTAGTGGGGAAACATTC  and  set2R  TGTAACG- 
TATCCAATTCCAAATG),  set  3  (set3F  TGGCACT- 
TATCGTTCTACAGC  and  set3R  TCTTGTTAGCCAAAA¬ 
GACTCG),  set  4  (set4F  AGTGTTTGTCCTGGCAGTG  and 
set4R  ACAGTTAGTGTAGAATCGCACCC),  set  5  (set5F 
TGGCAAATGAAACTGATTCC  and  set5R  CATGGATA- 
AAATGCAGGACTG),  set  6  (set6F  AAGACCAGAA- 
GAGAGACTTATTCG  and  set6R  TGCTGTAACTG- 
CAAACAACC),  set  7  (set7F  TCTTTGGCATCACTATG- 
CAC  and  set7R  CTTCACAGCAGTCCTACGATTC),  set  8 
(setSF  CCAAAAATGGCTGGAAGAC  and  set8R  TGTCA- 
GATTCAGCAGCAGC),  and  set  9  (set9F  CCACCCAAT- 
GAAACTCCAG  and  set9R  AGTAGCACATCACAGTA- 
AACGG).  In  addition,  three  primer  sets  were  designed  to 
amplify  the  5'  untranslated  region  including:  set  PI  (setPlF 
TCCCAGGCAGCTCTGAAC  and  setPlR  ACCATCTT- 
GACCTCGCCC),  set  P2  (setP2F  GTTCGCTTGACT- 
GACGGC  and  setP2R  ATGAGCCGCTGCCACAC),  and  set 
P3  (setP3F  CACCGAAACCCAGAGACC  and  setP3R 
CCAAAGACACATACTCGACCC).  These  primers  were 


A 

1  MAAVGPPQQO  VRMAHQQVWA  ALEVALRVPC  LYIIDAIFN5  YPDSSQSRFC 
51  IVLQIFLRLF  GVFASSIVLI  LSQRSLFKFY  TYSSAFLLAA  TSVLVNYYAS 

- j -  -  ggQ 

101  LHIDFYGAYN  TSAFGIELLP  RKGPSLWMAL  IVLQLTFGIG  YVTLLQIHSI 

151  YSQLIILDLL  VPVIGLITEL  PLHIRETLLF  TSSLILTLNT  VFVLAVKLKW 

201  FYYSTRYVYL  LVRHMYRIYG  LQLLMEDTWK  RIRFPDILRV  FWLTRVTAQA 

251  TVLMYILRMA  NETDSFFISW  DDFWDLICNL  IISGCDSTLT  VLGHSAVISS 

301  VAHYLGLGIL  AFIGSTEEDD  RRLGFVAPVL  FFILALQTGL  SGLRPEERLI  I 

351  RLSRNMCLLL  TAVLHFIHGM  TDPVLMSLSA  SHVSSFRRHF  PVLFVSACLF  I  ECL 

401  ILPVLLSYVL  WHHYALNTWL  FAVTAFCVEL  CLKVIVSLTV  YTLFMIDGYY  | 

4  51  NVLWEKLDDY  VYYVRSTGSI  lEFIFGWMF  GNGAYTMMFE  SGSKIRAFMM 

501  CLHAYFNIYL  QAKNGWKTFM  NRRTAVKKIN  SLPEIKGSRL  QEINDV^AI^ 

551  lYHEFTTSARI  TPCNHYFHAL  CLRKWLYIQD  TCPMCHQKVY  lEDDIKDNSN 

601  VSNNNGFIPP  NETPEEAVRE  AAAESDRELN  EDDSTDCDDD  VQRERNGVIQ 

651  HTGAAAEEFN  DDTD 
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Fig.  1.  (A)  Predicted  amino  acid  sequence  of  TRC8.  The  sequence 
begins  with  the  first  methionine  present  in  the  isolated  cDNAs.  The  3;8 
translocation  breakpoint  occurs  between  amino  acids  60  and  61 
(arrowhead).  Predicted  TMs  are  underlined,  and  three  potential 
N-Iinked  glycosylation  sites  are  indicated  by  *.  Two  regions  showing 
similarity  to  patched  [the  SSD  and  the  extracellular  loop  (ECL)]  are 
shaded.  The  RING-H2  motif  is  boxed.  {B)  Schematic  of  the  predicted 
structure  for  TRC8  compared  with  patched  (PTC).  The  horizontal  line 
represents  the  lipid  bilayer  that  is  crossed  by  10  putative  TMs  of  TRC8 
and  12  in  patched.  The  divergent  loop  refers  to  a  region  of  patched  that 
is  nonconserved  among  patched  homologues  (45).  The  diagram  of 
patched  shows  regions  that  are  similar  or  different  from  TRC8  by  bold 
black  or  thin  shaded  lines,  respectively.  The  N-terminal  extracellular 
loop  of  patched  is  absent  from  TRC8.  The  predicted  intracellular  loop 
3'  of  the  SSD  is  not  conserved  between  either  of  the  two  known  murine 
patched  genes  {Ptchl  and  Ptchl)  or  in  TRC8.  (C)  Amino  acid  sequence 
homology  between  TRC8  and  Drosophila  patched.  The  Dm  Ptc 
sequence  (GenBank  accession  no.  M28999)  was  aligned  with  TRC8  by 
gapped  BLAST.  Identical  amino  acids  are  indicated  by  white  letters  on 
black,  and  similar  amino  acids  (positive  scores  in  a  PAM250  matrix) 
are  shaded.  Two  TRC8  TMs  within  this  homology  region  are  under¬ 
lined.  (D)  Alignment  within  the  putative  SSD.  Human  sequences  for 
HMG-CoA  reductase  (Swissprot  accession  no.  P04035)  and  Patched 
(GenBank  accession  no.  U59464)  were  aligned  with  TRC8  by  gapped 
BLAST.  Identities  and  similarities  are  indicated  as  in  C;  TMs  within  the 
putative  SSD  of  TRC8  are  underlined. 

used  to  amplify  genomic  DNA  (10  ng)  under  65°C  to  55°C 
touch-down  conditions,  as  described  above.  Because  of  the 
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high  GC  content  present  in  a  300-bp  segment  near  the  amino 
terminus  of  TRC8,  PCRs  for  primer  sets  1,  P2,  and  P3 
contained  2.5  M  betaine  (30).  Reaction  products  were  mbced 
50:50  with  denaturing  dyes  (95%  formamide,  10  mM  NaOH, 
20  mM  EDTA,  0.02%  bromophenol  blue,  and  0.02%  xylene 
cyanol)  and  heated  to  95°C  for  5  min  immediately  before 
loading.  Samples  were  separated  at  8  W  for  16  hr  on  0.5  X 
MDE  (FMC)  gels  containing  0.6 X  Tris-borate  buffer  and  10% 
glycerol.  Bands  were  visualized  by  silver  staining. 

RESULTS 

Identification  and  Sequence  Analysis  of  TRC8.  To  test  for  a 
possible  fusion  gene,  RNA  was  isolated  from  TL9944  lympho- 
blastoid  cells  carrying  the  3;8  translocation  and  subjected  to 
RACE.  The  t(3;8)  breakpoint  interrupts  F/Z/T  between  exons 
3  and  4.  Therefore,  5'  RACE  products  were  generated  by  using 
nested  primers  within  exon  4.  Although  the  cloned  amplifica¬ 
tion  products  were  identified  by  hybridization  to  an  internal 
FHIT  exon  4  oligonucleotide  (R4),  nearly  80%  of  these  clones 
were  negative  for  a  FHIT  exon  3  oligonucleotide  (F4)  suggest¬ 
ing  they  might  represent  a  gene  fusion.  Twelve  such  clones 
were  further  examined  by  DNA  sequencing,  and  nine  were 
found  to  contain  an  identical  novel  sequence  spliced  exactly  to 
the  5'  end  exon  4.  Mapping  studies  confirmed  that  the 

sequences  were  derived  from  chromosome  8  (see  below).  We 
refer  to  this  gene  as  TRC8  for  translocation  in  renal  cancer 
from  chromosome  8. 

The  coding  region  of  TRC8  was  determined  from  multiple 
cDNA  clones  and  PCR  products  isolated  from  a  human  fetal 
brain  library  (Stratagene)  plus  IMAGE  clone  331H8  identified 
from  dbEST.  Additional  genomic  sequences  extending  approx¬ 
imately  2.1  kb  upstream  of  the  first  in-frame  methionine  were 
obtained  from  phage  HD7,  which  contains  both  chromosome 
3  and  8  material  spanning  the  3;8  breakpoint.  The  cDNA 
sequence  contains  a  predicted  1,992-bp  ORF  encoding  664 
amino  acids  (Fig.  lA).  The  upstream  cDNA  and  genomic 
sequences  are  GC-rich,  indicative  of  a  CpG  island.  The  5'  most 
cDNA  clone  extended  to  position  -286  bp,  and  additional 
RACE  experiments  failed  to  extend  this  further.  Using  a 
promoter  prediction  program  (http://www-hgc.lbl.gov/ 
projects/promoter.html),  four  transcriptional  start  sites  were 
located  at  -622,  -55,  -36,  and  -22  bp  of  the  first  methionine. 
The  -22  site  corresponded  precisely  to  the  two  longest  RACE 
products.  Thus,  it  appears  that  multiple  transcription  start  sites 
are  used. 

The  ORF  is  predicted  to  encode  a  664-aa  protein  of  76  kDa 
with  10  membrane-spanning  segments  (Fig.  IB).  TRC8  con¬ 
tains  two  regions  of  similarity  with  patched,  the  receptor  for 
sonic  hedgehog  (SHH)  (21,  22).  The  region  from  amino  acids 
344-443  shows  the  strongest  match  with  60%  similarity  and 
23%  identity  (Fig.  1C).  The  corresponding  segment  of  patched 
spans  amino  acids  883-979  and  represents  most  of  the  second 
predicted  extracellular  domain  involved  in  the  binding  of  SHH 
(21).  A  second  region  of  patched  similarity  involves  amino 
acids  22-179  and  encodes  a  putative  sterol-sensing  domain 
(SSD),  Fig.  ID.  Such  domains  have  been  identified  in  hydroxy¬ 
methyl  glutaryl  (HMG)-CoA  reductase  and  the  sterol  regula¬ 
tory  element  binding  protein  (SREBP)  cleavage  activating 
protein  (SCAP)  (31).  Patched  contains  a  putative  SSD,  of 
unknown  function,  from  amino  acids  440  to  600  (32,  33).  This 
region  is  53%  similar/17%  identical  to  the  SSD  of  HMG-CoA 
reductase  (34);  the  corresponding  region  from  TRC8  shows 
63%  simiIarity/17%  identity.  We  surmise,  based  on  the  mul¬ 
tiple  TMs  and  regions  of  patched  similarity,  that  TRC8  encodes 
a  membrane-bound  receptor. 

In  addition,  a  perfect  match  with  a  ring-finger  motif  of  the 
RING-H2  subtype  (35)  was  found  between  amino  acids  547 
and  585.  The  RING-H2  motif  (CX2CX9-27CXHX2HX2CX,_ 
17CX2C)  differs  from  the  standard  RING  finger  by  replace¬ 


ment  of  the  fourth  cysteine  with  a  histidine.  Functionally, 
RING-H2  motifs  have  been  suggested  to  be  protein-protein  or 
protein-lipid  interaction  domains  (35).  We  also  observed  that 
TRC8  is  highly  conserved  among  mammals.  This  finding  was 
evident  from  two  murine  expressed  sequence  tags  (dbEST 
clones  mu78hl2  and  vl43c01)  found  to  be  93%  and  89% 
identical,  respectively,  at  the  nucleotide  level  over  971  bp. 

Expression  of  TRC8.  Hybridization  of  TRC8  to  a  Northern 
blot  (CLONTECH)  prepared  from  adult  human  tissues  and 
placenta  identified  a  message  of  approximately  3.0  kb  (Fig. 
2/4).  Although  our  longest  cDNA  clones  total  2.5  kb,  use  of  the 
-622-bp  promoter,  as  discussed  above,  would  result  in  a  2.9-kb 
message,  close  to  the  observed  size.  Although  expression  in  the 
lung  and  kidney  appeared  reduced,  hybridization  with  a  con¬ 
trol  glyceraldehyde-3-phosphate  dehydrogenase  probe  (data 
not  shown)  indicated  that  there  was  less  RNA  present  in  these 
samples.  A  human  RNA  dot  blot  (RNA  Master  blot,  CLON¬ 
TECH)  revealed  TRC8  message  in  all  tissues  examined  (Fig. 
2B)  with  the  highest  levels  in  testis  (Dl),  placenta  (F4),  and 
adrenal  (D5).  TRC8  is  expressed  in  both  fetal  (G3)  and  adult 
kidney  (El)  and  in  adult  thyroid  (D6),  the  suspected  target 
organs  for  TRC8  aberrations  in  the  3;8  translocation  family. 
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Fig.  2.  Analysis  of  TRC8  expression  by  Northern  {A )  and  dot  blot 
(B).  (A)  Gel  resolved  polyadenylated  RNA  (2  /iig)  from  adult  human 
tissues  (CLONTECH)  was  hybridized  under  recommended  conditions 
with  a  1.5-kb  3'  TRC8  cDNA  encompassing  most  of  the  TMs  and  the 
ring  finger  (bp  83-1623).  A  second,  largely  nonoverlapping  probe  (bp 
1446-2212)  yielded  essentially  the  same  pattern.  The  filter  was  ex¬ 
posed  for  18  hr  at  ~80®C.  (B)  A  CLONTECH  human  RNA  master  dot 
blot  was  hybridized  with  the  same  probe  as  inA  under  recommended 
conditions  and  exposed  for  15  hr.  Final  wash  conditions  were  0.  IX 
standard  saline  citrate,  0.5%  SDS  at  55°C  for  20  min.  Signals  were 
collected  on  a  Molecular  Dynamics  Phosphorlmager.  Blank  positions 
included  B8,  F5-F8,  and  GS.  Central  nervous  system  tissues  (A1-A8 
and  B1-B7)  included  (in  order)  whole  brain,  amygdala,  caudate 
nucleus,  cerebellum,  cerebral  cortex,  frontal  lobe,  hippocampus,  me¬ 
dulla  oblongata,  occipital  lobe,  putamcn,  substantia  nigra,  temporal 
lobe,  thalamus,  sub-thalamic  nucleus,  and  spinal  cord.  Musculature 
and  digestive  tissues  (C1-C8)  included  heart,  aorta,  skeletal  muscle, 
colon,  bladder,  uterus,  prostate,  and  stomach.  Secretory  tissues  (Dl- 
D8)  included  testis,  ovary,  pancreas,  pituitary,  adrenal,  thyroid,  sali¬ 
vary,  and  mammary  glands.  Miscellaneous  tissues  (E1-E8  and  F1-F4) 
included  kidney,  liver,  small  intestine,  spleen,  thymus,  peripheral 
leukocytes,  lymph  node,  bone  marrow,  appendix,  lung,  trachea,  and 
placenta.  Fetal  tissues  (G1-G7)  included  brain,  heart,  kidney,  liver, 
spleen,  thymus,  and  lung.  AH  control  spots  (yeast  and  Escherichia  colt 
RNAs,  human  Cotl,  and  total  human  DNAs)  were  blank  (not  shown). 
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Mapping  of  TRC8.  TRC8  sequences  were  localized  to  the 
immediate  region  of  the  breakpoint  on  chromosome  8  by  both 
PCR  and  Southern  blot  analysis  of  hybrids,  yeast  artificial 
chromosome  (YACs),  and  phage  clones  (Fig.  3).  Primers 
derived  from  the  5'  coding  portion  of  TRC8  yielded  the 
expected  product  in  the  chromosome  8-only  hybrid  (Fig.  3/1, 
lane  4)  but  not  in  a  chromosome  3-only  hybrid  (lane  3).  The 
same  product  was  also  present  on  the  der(8)  but  not  the  der(3) 
chromosome  from  the  3;8  translocation.  Similarly,  the  8q24 
YAC  880A9  was  positive  as  was  the  lambda  clone,  HD7,  which 
contained  both  chromosome  8  and  3  material  from  the  break¬ 
point  junction.  Southern  blot  analysis  (Fig.  3B)  demonstrated 
that  the  remaining  3'  portion  of  TRC8  was  contained  on  the 
der(3)  chromosome  (lane  5).  Notably,  the  probe  hybridized  to 
an  altered  band  (arrow)  in  the  der(3)  hybrid  consistent  with  the 
t(3;8)  rearrangement.  Together,  these  data  indicate  that  TRC8 
is  localized  to  8q24  and  is  interrupted  by  the  3;8  translocation 
and  that  its  5'  to  3'  orientation  is  centromere  to  telomere. 

Both  Reciprocal  Products  are  Expressed  in  t(3;8)  Lympho- 
blastoid  Cells.  To  determine  whether  both  reciprocal  products 
were  expressed,  we  performed  RT-PCR  analysis  on  RNA 
isolated  from  TL9944  lymphoblastoid  cells  carrying  the  3;8 
translocation.  Primers  that  flanked  the  breakpoint  and  were 
specific  for  the  5'  and  3'  portions  of  either  TRC8  ox  FHIT  were 
used.  As  can  be  seen  in  Fig.  4,  primers  specific  for  wild-type 
FHIT  and  TRC8  generated  bands  of  the  expected  size  from 
both  t(3;8)  and  control  RNAs.  In  contrast,  the  5'  TRC8  primer 
together  with  the  3'  FHIT  primer  produced  a  product  only 
from  the  (3;8)  translocation  cell  line.  Similarly,  the  reciprocal 
5'  FHIT  13'  TRC8  product  also  was  observed  only  in  the 
translocation  line.  No  products  were  detected  in  the  absence 
of  RT.  Sequence  analysis  (Fig.  AB)  confirmed  that  these 
unique  RT-PCR  products  contained  fusions  of  TRC8  and 
FHIT  sequences,  as  expected.  Thus,  although  FHIT  is  inter¬ 
rupted  in  its  5'  untranslated  region,  its  complete  coding 
sequence  is  contained  in  the  product  from  the  der(8)  chro¬ 
mosome.  In  contrast,  TRC8  is  interrupted  within  the  predicted 
SSD. 

A  Tumor-Specific  Mutation  in  Sporadic  RCCs.  An  SSCP 
analysis  was  performed  by  using  12  primer  pairs  covering  the 
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Fig.  3.  (A)  Localization  of  5'  TRC8  sequences  to  chromosome  8q. 
Primers  R-M  and  F-O  amplify  an  82-bp  fragment  specific  for  the  5' 
portion  of  TRC8.  Templates  in  lanes  1-11  included,  respectively, 
AG4103  (normal  human),  CHO  glyA”  (hamster),  UCTP-2A3  (chro¬ 
mosome  3  only  hybrid),  706-B6,  clone  17  (chromosome  8  only  hybrid), 
TL12-8  [t(3;8)  dcr(3)  hybrid],  3;8/4-l  [t(3;8)  dcr(8)  hybrid],  YAC 
880A9  (chromosome  8-spccific  YAC  spanning  3;8  breakpoint),  YAC 
850A6  (chromosome  3-specific  YAC  spanning  3;8  breakpoint),  HD-7 
(genomic  phage  clone  carrying  the  3;8  breakpoint  region  from  chro¬ 
mosome  8),  2A7  (longest  5'RACE  clone),  water  control.  Molecular 
size  standards  arc  indicated  in  bp.  (B)  The  same  hybrid  and  YAC 
DNAs  used  in /4  were  digested  with  FcoRI  and  Southern-blotted.  The 
filler  was  hybridized  with  a  L4-kb  TRC8  cDNA  fragment  that  derives 
from  the  3'  end.  The  normal  human  TRC8  fragment  is  >15  kb,  which 
is  reduced  to  ^12  kb  by  the  translocation  (arrow).  The  cross- 
hybridizing  fragment  in  hamster  DNA  (lanes  2-6)  is  8  kb. 
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Fig.  4.  {A)  RT-PCR  analysis  of  fusion  product  expression.  RNAs 

isolated  from  the  t(3;8)  lymphoblastoid  cell  line  TL9944  (36)  and  from 
a  control  breast  carcinoma  cell  line  (HTB121)  were  treated  with  or 
without  RT,  as  indicated  (+  or  — )  and  analyzed  for  expression  oiFHlT 
and  TRC8  by  PCR.  Four  primers  specific  for  5'  and  3'  portions  of  each 
pne,  FI  and  R1  for  FHIT  and  R-M  and  EMR  for  TRC8,  were  used 
in  combination  to  detect  both  wild-type  and  putative  chimeric  tran¬ 
scripts.  The  FHIT  primer  pair  generated  a  product  of  the  expected  size 
(231  bp)  as  did  the  TRC8  primer  pair  (651  bp).  Reciprocal  chimeric 
products  were  amplified  by  using  R-M  plus  R1  for  5'  TRC8/3'  FHIT 
and  FI  plus  EMR  for  5'  FHIT/3'  TRC8,  Predicted  sizes  of  the  chimeric 
products  are  188  and  694  bp,  respectively.  (B)  Sequences  of  3;8 
chimeric  transcripts.  The  RT-PCR-amplified  cDNAs  in  lanes  11  and 
15,  corresponding  to  the  reciprocal  chimeric  transcripts,  were  purified 
and  sequenced  on  both  strands.  Forty  bp  surrounding  the  boundary 
between  FHIT  exons  3  and  4  are  shown  with  FHIT  sequences  italicized. 
The  precise  position  of  the  fusion  on  both  TRC8  and  FHIT  transcripts 
is  indicated. 

coding  sequence  and  the  5'  untranslated  region  in  32  renal 
carcinomas.  A  duplication  of  12  nucleotides  in  the  5'  untrans¬ 
lated  region  was  identified  in  one  tumor  that  was  absent  in 
matched  normal  DNA  and  is  thus  tumor  specific  (Fig.  5A,  lane 
5).  This  mutation  was  verified  by  multiple  separate  PCR 
amplifications,  SSCP  analyses  and  sequencing,  as  well  as  by  the 
use  of  an  alternative  primer  set,  thus  eliminating  the  possibility 
of  a  PCR  artifact.  The  duplication  (Fig.  55)  was  found  to  occur 
in  a  consistent  RNA  stem  loop  structure  predicted  by  the  GCG 
program  mfold  in  both  energetically  optimal  and  all  subop- 
timal  folds. 


DISCUSSION 

The  relationship  between  the  3;8  translocation  and  kidney 
cancer  has  been  a  long-term  project  of  this  laboratory  (27, 
36-38)  and  the  source  of  considerable  interest  among  inves¬ 
tigators  seeking  to  identify  a  3p  TSG.  Although  the  3pl4  FHIT 
gene  was  postulated  to  be  a  tumor  suppressor  (5,  39,  40),  this 
role  was  questioned  (41)  based  on  its  biochemical  function  as 
a  di-adenosine  hydrolase  (6)  combined  with  the  lack  of  sub¬ 
stantial  mutations  in  tumors  and  the  fact  that  most  reported 
PCR  alterations  resulted  from  low-abundance  splicing  varia¬ 
tions  (11,  13-15,  17).  Moreover,  there  is  little  support  for  the 
involvement  of  FHIT  in  renal  cancers  (16,  42).  Similarly,  the 
reintroduction  of  FHIT  into  tumorigenic  cell  lines  was  incon¬ 
sistent  in  suppressing  tumors,  including  the  fact  that  a  hydro¬ 
lase  “dead”  mutant  appeared  active  (39).  Otterson  et  al.  (43) 
introduced  FHIT  into  six  carcinoma  cell  lines  and  observed  no 
effects  on  proliferation,  morphology,  cell-cycle  kinetics,  or 
tumorigenesis.  Also,  there  was  no  correlation  between  the 
presence  of  truncated  RT-PCR  products  and  FHIT  protein. 
We  identified  a  series  of  3pl4  deletions,  many  not  involving 
FHIT  exons,  which  overlapped  FRA3B  in  various  carcinoma 
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Fig.  5.  (A)  Detection  of  a  tumor-specific  somatic  mutation  by 
SSCP  and  heteroduplex  analysis.  DNA  samples  were  PCR-amplified 
by  using  primers  flanking  the  first  coding  exon  of  TRC8.  The  products 
were  denatured,  separated  on  a  nondenaturing  MDE  gel  and  detected 
by  silver  staining.  Samples  included  matched  tumor  and  normal  DNAs 
from  patients  1  and  7  (lanes  5-8,  respectively)  and  an  unrelated  normal 
control  (AG4103,  lane  9).  A  separate  SSCP  gel  was  used  to  isolate  four 
individual  SSCP  bands  from  RCC  no.  1  (lane  5,  marked  by  an  arrow 
or  arrowheads).  The  excised  bands  A-D  corresponded  to  the  indicated 
bands  in  lane  5  from  top  to  bottom.  These  last  templates  were 
rcamplified  and  analyzed  by  SSCP  to  determine  whether  they  con¬ 
tained  mutant  or  wild-type  sequences.  Comparison  to  lane  5  suggested 
that  bands  A  and  C  contained  primarily  mutant  DNA,  band  B  was  a 
mixture  of  mutant  and  wild-type,  and  band  D  was  wild-type  only. 
Results  for  SSCP  (Upper)  and  heteroduplex  (Lower)  are  shown.  (B) 
RCC  no.  1  contains  a  12-bp  duplication  in  the  5'  untranslated  region. 
Purified  PCR  products  shown  in  A  (lanes  1-4)  were  sequenced.  The 
mutation  consisted  of  a  12-bp  direct  duplication  (underlined)  at  bp 
position  -73,  which  was  present  in  the  tumor  sample  but  not  in  the 
corresponding  normal  DNA. 

cell  lines  (14).  However,  spontaneous  deletions  also  were 
observed  in  nontumor  backgrounds,  and  we  proposed  that  the 
deletions  were  the  result  of  genomic  instability.  Although 
another  3pl4  gene  might  exist,  our  sequence  data  totaling  160 
kb  from  FRA3B  (14)  (plus  GenBank  updates  AF023460  and 
AF023461)  together  with  135  kb  of  nonoverlapping  sequence 
from  Inoue  etal.  (44)  did  not  identify  any  additional  definitive 
genes. 

The  observation  that  FHIT  was  involved  in  a  translocation- 
derived  fusion  with  HMGIC  (19),  the  causative  gene  in  a 
variety  of  benign  tumors,  led  us  to  consider  that  the  same  event 
might  have  occurred  in  the  3;8  translocation.  By  using  RACE, 
we  were  able  to  identify  an  additional  gene,  TRC8,  from  the 
8q24  breakpoint.  TRC8  encodes  a  predicted  664-aa,  multi¬ 
transmembrane  protein  with  similarity  to  patched.  This  simi¬ 
larity  includes  the  second  extracellular  domain  of  patchedy 
which  is  involved  in  binding  sonic  hedgehog,  as  well  as  its 
putative  SSD.  In  addition,  the  first  480  amino  acids  of  TRC8 
and  amino  acids  440-1100  of  patched  share  an  organizational 
similarity  (Fig,  \B).  This  similarity  begins  with  the  common 
SSD,  followed  by  the  divergent  region  that  is  nonconserved 
^mongpatched  homologues  (45),  and  finally  by  the  conserved 
second  extracellular  loop,  TRC8  lacks  the  first  extracellular 
loop  of  patched  and  likewise  shows  no  similarity  after  the 
second  extracellular  loop.  Therefore,  although  TRC8  has 
similarity  to  patched  and  is  predicted  to  be  a  plasma  membrane 
protein  by  psort  (46),  it  is  not  the  type  of  direct  homologue 
as  is  the  Patched  2  gene,  for  instance  (45). 


TRC8  may  be  the  critical  gene  in  the  3;8  translocation  based 
on  the  following:  (/)  its  similarity  to  patched,  which  in  turn  is 
responsible  for  the  hereditary  basal  cell  carcinoma  syndrome 
(23,  25),  (//)  the  preservation  and  expression  of  FHIT  coding 
sequences  in  3;8  translocation  containing  cells  (in  contrast  to 
the  disruption  of  TRC8  coding  sequences),  and  (Hi)  its  dem¬ 
onstrated  mutation  in  a  sporadic  renal  carcinoma.  How  TRC8 
may  function  in  human  tumorigenesis  is  presently  unknown.  In 
human  basal  cell  carcinomas,  PATCHED  appears  to  function 
as  a  recessive  TSG  (reviewed  in  ref.  47).  However,  medullo¬ 
blastomas  (or  perhaps  the  precursor  cell  proliferations)  oc¬ 
curring  in  mice  heterozygous  for  a ptc  mutation  might  develop 
without  the  requirement  for  loss  of  the  remaining  allele  (24, 
47).  In  tumors  from  the  3;8  translocation  family,  we  do  not 
know  whether  the  wild-type  allele  was  lost.  A  screen  of  TRC8 
in  sporadic  renal  carcinomas  by  SSCP  demonstrated  a  muta¬ 
tion  in  one  tumor  (Fig.  5^4).  In  that  sample,  very  little  of  the 
wild-type  heteroduplex  product  can  be  seen.  This  rearrange¬ 
ment  resulted  in  an  insertion  of  12  bp  in  the  tumor,  which  was 
not  present  in  the  corresponding  normal  DNA  of  that  patient. 
This  insertion  occurs  in  a  consistently  predicted  stem-loop 
structure  in  the  5'  untranslated  region.  The  consequence  of 
this  insertion  conceivably  affects  either  transcription  or  trans¬ 
lation.  Although  the  frequency  of  TRC8  mutations  in  sponta¬ 
neous  tumors  appears  low,  it  is  possible  this  finding  is  remi¬ 
niscent  of  the  mutation  frequencies  observed  in  BRCAl  and 
BRCA2  (48,  49).  We  believe  the  most  exciting  aspect  of  our 
findings  is  that  TRC8  appears  to  define  an  additional  mutation 
pathway  in  renal  and  thyroid  cancers.  Whether  it  functions  in 
some  analogous  way  to  patched  or  is  involved  in  other  devel¬ 
opmental  processes  remains  to  be  determined. 
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During  development,  growth  cones  can  be  guided  at  a  distance 
by  diffusible  factors,  which  are  attractants  and/or  repellents. 
The  semaphorins  are  the  largest  family  of  repulsive  axon  guid¬ 
ance  molecules.  Secreted  semaphorins  bind  neuropilin  recep¬ 
tors  and  repel  sensory,  sympathetic,  motor,  and  forebrain  ax¬ 
ons.  We  found  that  In  rat  embryos,  the  olfactory  epithelium 
releases  a  diffusible  factor  that  repels  olfactory  bulb  axons.  In 
addition,  Serna  A  and  Serna  IV,  but  not  Serna  III,  Serna  E,  or 
Serna  H,  are  able  to  orient  in  vitro  the  growth  of  olfactory  bulb 


axons;  Serna  IV  has  a  strong  repulsive  action,  whereas  Serna  A 
appears  to  attract  those  axons.  The  expression  patterns  of 
sema  A  and  sema  IV  in  the  developing  olfactory  system  confirm 
that  they  may  play  a  cooperative  role  in  the  formation  of  the 
lateral  olfactory  tract.  This  also  represents  a  further  evidence  for 
a  chemoattractive  function  of  secreted  semaphorins. 

Key  words:  semaphorin;  olfactory  system;  chemorepulsion; 
chemoattraction;  development;  neuropilin 


The  organization  of  axonal  projections  in  the  rodent  olfactory 
system  has  been  extensively  characterized.  Axons  from  olfactory 
receptor  neurons  in  the  olfactory  epithelium  project  ipsilaterally 
to  glomeruli  in  the  main  olfactory  bulb,  where  they  synapse  on  the 
dendrites  of  the  mitral  and  tufted  cells.  These  neurons  project 
ipsilaterally  to  the  anterior  olfactory  nucleus  and  to  higher  olfac¬ 
tory  centers,  including  the  piriform  and  entorhinal  cortex,  and 
some  amygdaloid  nuclei,  collectively  referred  to  as  the  primary 
olfactory  cortex  (Shipley  and  Ennis,  1996).  The  axons  of  the 
mitral  and  tufted  cells  are  located  immediately  under  the  pial 
surface  (Derer  et  al.,  1977;  Schwob  and  Price,  1984;  Marchand 
and  Belanger,  1991)  and  form  the  lateral  olfactory  tract  (LOT). 

The  molecular  mechanisms  governing  the  establishment  of 
axonal  projections  from  the  olfactory  receptor  neurons  to  the 
olfactory  bulb  have  started  to  be  unraveled  (Wang  et  al.,  1998).  In 
contrast,  the  development  of  bulbofugal  projections  is  still  poorly 
understood,  although  putative  guidepost  cells  for  LOT  axons 
have  been  described  (Sato  et  al.,  1998).  In  the  rat  embryo,  isolated 
fibers  start  to  leave  the  olfactory  bulb  by  embryonic  day  14  (E14), 
and  by  E15  a  LOT  has  clearly  formed  (Marchand  and  Belanger, 
1991;  Pini,  1993;  Lopez-Mascaraque  et  al.,  1996).  At  this  stage  of 
development,  the  great  majority  of  postmitotic  neurons  in  the 
olfactory  bulb  are  mitral  cells  (Bayer,  1983).  Therefore,  the  early 
LOT  is  almost  solely  composed  of  mitral  cell  axons.  Organotypic 
co-cultures  of  olfactory  bulb  and  telencephalic  vesicles  or  mem¬ 
branes  has  shown  that  the  telencephalon  contains  precisely  local¬ 
ized,  short-range  positional  cues  that  guide  LOT  axons  (Sugisaki 
et  al.,  1995;  Hirata  and  Fujisawa,  1997).  The  results  of  other  in 
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vitro  assays  (Pini,  1993;  Hu  and  Rutishauser,  1996)  suggest  that 
developing  rat  LOT  axons  can  also  be  guided  from  a  distance  by 
some  unidentified  diffusible  chemorepulsive  factors  produced  by 
the  septum  or  the  neocortex. 

Chemotropic  factors  that  can  attract  and/or  repel  axons  have 
been  described  in  a  variety  of  systems  (Tessier-Lavigne  and 
Goodman,  1996).  To  date,  there  are  two  characterized  chemoat¬ 
tractants,  netrin-1  (Kennedy  et  al.,  1994)  and  the  hepatocyte 
growth  factor/scatter  factor  (Ebens  et  al.,  1996).  Potential  che- 
morepellents  have  been  identified  in  two  gene  families,  the  ne- 
trins  and  the  semaphorins  (Tessier-Lavigne  and  Goodman,  1996; 
Mark  et  al.,  1997).  Five  secreted  semaphorins  are  known  in 
rodents,  and  they  have  been  shown  to  bind  receptors  of  the 
neuropilin  family  (Chen  et  al,,  1997;  Feiner  et  al.,  1997;  He  and 
Tessier-Lavigne,  1997;  Kolodkin  et  al.,  1997;  Takahashi  et  al., 
1998). 

Several  pieces  of  evidence  suggest  that  secreted  semaphorins 
could  play  a  role  in  the  development  of  bulbofugal  projections. 
Neuropilin- 1  is  highly  expressed  on  the  axons  of  embryonic  mitral 
cells,  and  neuropilin-2  mRNA  is  present  in  all  components  of  the 
olfactory  circuitry  (Kawakami  et  al.,  1995;  Chen  et  al.,  1997). 
Moreover  sema  IIIIcollapsin-1  mRNAs  are  found  in  the  olfactory 
bulb  and  in  the  LOT  pathway  (Giger  et  al.,  1996;  Shepherd  et  al., 
1996;  Kobayashi  et  al.,  1997).  This  has  led  us  to  investigate  whether 
secreted  semaphorins  can  influence  the  growth  of  LOT  axons. 

MATERIALS  AND  METHODS 

Animals.  Wistar  rats  (IFFA  Credo,  Lyon,  France)  were  used  for  the 
culture  experiments  and  for  in  situ  hybridization  studies.  The  day  on 
which  a  vaginal  plug  was  detected  was  considered  EO,  and  the  day  of  birth 
was  considered  postnatal  day  0.  Pregnant  rats  were  anesthetized  with 
chloral  hydrate  (350  mg/kg,  i.p.). 

Cloning  of  mouse  semaphorin  IV  sequences.  Mouse  semaphorin  IV 
sequences  were  amplified  by  RT-PCR  on  a  random-primed  template 
from  mouse  A9  cells  using  the  following  primers:  59H8,  5'-TTC  A  AC 
TTC  CTG  CTC  AAC;  and  39G5,  5'-GAA  GAC  CAT  GCG  AAT  ATC, 
which  were  obtained  from  the  human  H-sema  IV sequence  (Roche  et  al., 
1996).  PCR  conditions  included  35  cycles  with  an  annealing  temperature 
of  55°C  with  Taq  DNA  polymerase  and  buffer  (Promega,  Madison,  WI). 


Figure  L  Illustration  of  the  localization  of  the  LOT  in  rat  E15  embryos.  Embryos  have  been  injected  in  the  OB  with  Dil  or  4-(4- 
dihcxadecylaminostyryl)-A/^-mcthylpyridinium  iodide  (DiA)  crystals.  A-C,  Coronal  vibratomc  sections  at  the  level  of  the  septum  (5),  viewed  under 
bright-field  {A,  B)  or  rhodamine  filter.  The  LOT  {outlined  in  B,  C)  grows  immediately  under  the  pia!  surface,  in  the  vicinity  of  the  mesenchyme  precursor 
of  the  frontal  bone  {B,  arrowheads).  D~F^  Horizontal  sections  corresponding  to  the  area  framed  in  E.  They  show,  at  E15,  the  rosirocaudal  extent  of  the 
LOT  (labeled  axon  fascicle  in  F)  and  the  location  of  the  frontal  bone  {D,  F,  arrowheads).  The  dashed  line  delimits  the  caudal  extent  of  the  olfactory  bulb. 
The  injection  site  is  shown  in  E  {arrowhead).  Cx.  Cortex;  C£,  ganglionic  eminence;  OE.  olfactory  epithelium.  Scale  bars:  A.  200  (xm\  B.  C,  100  /xm;  D, 


F,  50  iixm. 

The  final  products  cloned  into  a  T  vector  prepared  from  pBlucscript  II 
KS  and  sequenced  on  an  ABI377  through  the  University  of  Colorado 
Cancer  Center  DNA  Sequencing  Core.  The  0.9-kb  product  is  identical  to 
base  pairs  143-1056  of  the  recently  published  mouse  H-Sema  IV  ho¬ 
molog  (Eckhardt  and  Meyerhans,  1998). 

In  situ  hybridization.  E14-E15  embryos  (five  to  seven  animals  each) 
were  perfused  with  49^  paraformaldehyde  in  O.l  m  phosphate  buffer,  pH 
7.4  (PFA).  Brains  were  post-fixed  in  4%  PFA.  cryoprotected  with  109^ 
sucrose,  and  sectioned  at  20  /uim  with  a  cryostat.  Antisense  riboprobes 
were  labeled  with  digoxigenin-dUTP  (Bochringcr  Mannheim,  Mann¬ 
heim,  Germany)  or  ■^‘'S-UTP  (Amersham,  Buckinghamshire,  UK)  as 
described  elsewhere  (Chcdotal  et  al.,  1998).  Controls  including  hybrid¬ 
ization  with  sense  ribc^probes  prevented  hybridization  signals. 

Explant  cultures  and  co-cultiires.  The  olfactory  bulbs  from  E14~E15 
embryos  were  dissected  out  as  a  single  piece,  and  250-350  p.m  cxplants 
were  obtained  using  fine  tungsten  needles  (Pini,  1993).  Only  the  rostral 
two-thirds  of  the  bulb  were  used  to  try  to  eliminate  most  of  the  accessory 
olfactory  bulb.  Explants  were  co-culturcd  with  aggregates  (--750  p.m  in 


diameter)  of  COS  cells  transfected  with  secreted  alkaline  phosphatase 
(AP),  using  the  AP-Tag-4  vector  (a  gift  from  Dr.  J.  Flanagan,  Harvard 
University,  Boston,  MA).  or  human  sema  lIFmyc  (Messersmith  et  al., 
1995).  human  sema  IV-AP  (COien  el  al.,  1997).  mouse  .setna  E-AP  (Chen 
et  al..  1997).  mouse  .sema  A-myc.  mouse  .sema  H-myc  (Chcdotal  et  al., 
1998).  COS  cell  aggregates  were  prepared  using  the  hanging  drop 
method  {Kennedy  et  a!.,  1994).  Expression  was  controlled  on  Western 
blots  using  the  monoclonal  9El()  anti-myc  antibody  or  a  polyclonal 
anti-AP  antibody  (Dako,  High  Wycombe,  UK).  E.xplants  were  embedded 
in  rat  tail  collagen  gel  as  previously  described  (Lumsden  and  Davies, 
1986),  and  cultured  for  36-60  hr  in  DM  EM  (Scromed,  Berlin,  Germany) 
supplemented  with  L-glutamine,  D-glucose.  and  horse  scrum  (all 
from  Life  Technologies,  Gaithersburg,  MD).  Co-cultures  were  incubated 
in  a  5G  CO.,  37X',  959^  humidity  incubator. 

Expkints  were  fixed  for  1  hr  in  ice-cold  4G  PFA.  For  the  visualization 
of  neuronal  prticesses,  cultures  were  rinsed  several  times  in  0.1  M  PBS, 
bl(Kked  with  IG  normal  goat  serum,  incubated  with  a  neuron-specific 
anti-class  Ill  /3-tubulin  monoclonal  antibody  (1:3000,  clone  TUJ-1: 
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Figure  2.  Western  blot  analysis  of  epitope-tagged  secreted  semaphorins. 
Recombinant  proteins  were  collected  in  the  supernatant  of  transfected 
COS  cells  and  analyzed  with  anti-myc  (lanes  1-3)  or  anti-AP  (lanes  4-6) 
antibodies.  The  myc  tag  is  at  the  C  terminus,  whereas  the  AP  tag  is  at  the 
N  terminus.  In  lane  6,  a  single  band  of  —70  kDa  is  detected  and  corre¬ 
sponds  to  COS  cells  expressing  only  secreted  AP.  For  Serna  H  (lane  7), 
Serna  A  (lane  2),  Serna  III  (lane  5),  and  Serna  E-AP  (lane  4)  a  single  band 
is  observed  at  their  expected  molecular  weight.  In  the  case  of  Serna 
IV-AP  (lane  5)  two  bands  are  detected,  the  top  one  at  the  expected 
molecular  weight  of  160  kDa  and  the  bottom  one  at  —130  kDa,  probably 
corresponding  to  a  partially  cleaved  protein. 

Babco,  Richmond,  CA;  Moody  et  al.,  1989),  followed  by  an  HRP- 
conjugated  donkey  anti-mouse  antibody  (1:2000;  Jackson  Immuno- 
Research,  West  Grove,  PA),  and  developed  with  a  diaminobenzidine 
reaction.  Other  co-cultures  were  kept  in  4%  PFA,  and  the  olfactory  bulb 
explant  was  injected  with  a  small  crystal  of  lipophilic  tracer  1,1'- 
dioctadecyl-3,3,3',3'  tetramethylindocarbocyannine  (Dil;  Molecular 
Probes,  Eugene,  OR).  After  7-14  d  at  3TC  in  the  dark,  to  allow  the 
diffusion  of  the  tracer,  explants  were  recorded  and  photographed  under 
rhodamine  fluorescent  optics. 

Quantification.  After  ^-tubulin  immunostaining  or  Dil  labeling,  the 
surface  covered  by  the  neurites  growing  from  the  explant  was  measured 
in  the  proximal  and  distal  quadrants  (Wang  et  al.,  1996)  using  Imstar 
(Paris,  France)  software.  Microphotographs  of  each  individual  explant 
were  digitally  scanned  with  a  Nikon  CP-9003  camera  and  transfer  to  a 
computer  (Imstar).  The  contour  of  the  area  covered  by  the  neuritic 
processes  was  acquired  by  hand  with  computer-aided  filling  using  a 
specially  devised  package  from  Imstar  (see  Fig.  4C).  This  measure  takes 
into  account  both  neurite  lengths  and  numbers.  In  addition,  the  average 
length  of  the  neuritic  bundles  (three  to  four  were  used  in  each  quadrant) 
was  measured  together  with  the  distance  separating  the  explants  from  the 
COS  aggregates.  Moreover,  the  mean  number  of  neurites  in  both  the 
proximal  and  distal  quadrants  was  also  determined  (see  Table  2).  Finally, 
individual  cultures  were  additionally  classified  as  described  in  Table  1. 
Data  were  statistically  analyzed  using  the  Student’s  t  test  or  paired  /  test 
and  their  corresponding  nonparametric  tests  (Mann -Whitney  and  Wil- 
coxon  tests,  respectively). 

RESULTS 

Early  development  of  the  rat  lateral  olfactory  tract 

At  E14-E15  the  olfactory  bulb  can  be  clearly  distinguished  at  the 
rostral  end  of  the  forebrain,  allowing  us  to  inject  tiny  Dil  crystals 
in  the  bulb  primordium  (Fig.  IE).  Such  injections  lead  to  the 
anterograde  tracing  of  a  compact  axonal  bundle  that  runs  rostro- 
caudally  just  under  the  pial  surface  (Fig.  1)  and  corresponds  to 
the  presumptive  LOT.  Dorsoventrally,  the  LOT  is  at  equal  dis¬ 
tance  from  the  cortex  and  the  septum  (Fig.  lA-C).  Laterally,  the 
LOT  is  near  a  relatively  thin  leaflet  of  mesenchymal  cells  that 
represents  the  precursors  of  the  frontal  bone  (Fig.  arrow¬ 

heads).  They  are  so  closed  that  the  lipophilic  dye  can,  in  some 
cases,  diffuse  from  the  LOT  to  the  mesenchyme  (Fig.  1C).  The 
schematic  representation  in  Figure  7  summarizes  the  embryonic 


position  of  olfactory  bulb  projecting  neurons  (in  red)  and  possible 
interactions  with  closely  related  cells. 

LOT  axons  are  repelled  by  Serna  IV  and  attracted  by 
Serna  A 

To  test  directly  whether  secreted  semaphorins  influence  the 
growth  of  bulbofugal  axons,  we  cultured  olfactory  bulb  explants 
(from  E14-E15  rat  embryos)  with  COS  cells  that  had  been 
transiently  transfected  with  expression  constructs  for  all  five 
known  mammalian  secreted  semaphorins  (A,  III/D,  E,  IV,  and 

H) .  Explants  were  cultured  for  36-60  hr,  fixed,  and  stained  with 
an  anti-class  III  j3-tubulin  monoclonal  antibody  that  labels  the 
entire  population  of  axons  growing  from  the  explant  (Moody  et 
al,  1989).  The  expression  of  the  diverse  epitope-tagged  sema¬ 
phorins  was  verified  by  Western  blotting  (Fig.  2).  Under  nonre¬ 
ducing  conditions,  all  secreted  semaphorins,  with  the  exception  of 
Serna  IV  (see  below),  run  as  a  single  band  (at  the  expected 
molecular  weight  of  —95  kDa  for  myc-tagged  Serna  A,  Serna  III, 
and  Serna  H,  and  -160  kDa  for  AP-tagged  Serna  E).  In  the  case 
of  Serna  IV  two  bands  were  observed,  one  at  —160  kDa  and 
another  one  at  —130  kDa,  which  could  represent  a  partially 
cleaved  fragment.  This  suggests  that  in  COS  cells,  most  of  the 
secreted  semaphorins  are  not  cleaved  before  secretion,  contrary 
to  what  has  been  observed  using  293T  cells  (Adams  et  al.,  1997). 
Observations  similar  to  ours  were  made  using  an  Fc-tagged 
collapsin-1  (Eickholt  et  al.,  1997). 

We  found  that  olfactory  bulb  axons  grow  symmetrically  when 
confronted  with  COS  cells  mock-transfected  or  transfected  with 
an  alkaline  phosphatase  expression  construct  (Figs.  3/4,  4;  Table 

I) .  We  could  not  detect  any  effect  of  COS  cells  secreting  Serna  III, 
Serna  E,  or  Serna  H  (Fig.  3^-D,  Table  1).  In  all  these  cases  the 
surface  covered  by  neurites  was  similar  in  the  proximal  and  distal 
quadrants.  In  contrast,  olfactory  bulb  axons  were  strongly  re¬ 
pelled  when  confronted  with  COS  cells  expressing  Serna  IV  (Figs. 
3£,  4;  Table  1).  Repulsion  could  be  clearly  detected  after  36  hr  in 
vitro  but  was  stronger  after  60  hr;  therefore,  quantification  was 
done  at  that  stage.  The  area  covered  by  the  neurites  and  the  mean 
number  of  neurites  in  the  distal  quadrant  were  more  than  two 
times  larger  than  in  the  proximal  quadrant  (Fig.  45,  Table  2). 
Neurites  were  also  much  longer  in  the  distal  (372,4  ±  15.7  /mm; 
n  =  83)  than  in  the  proximal  (234.8  ±  9.8  /mm;  n  =  83)  quadrant, 
suggesting  that  Serna  IV  somewhat  reduces  the  growth  of  olfac¬ 
tory  bulb  (OB)  axons.  Moreover,  a  strong  or  moderate  repulsion 
was  observed  in  54%  of  the  cases  (Fig.  4^1,  Table  1). 

Neurite  outgrowth  was  also  asymmetrical  in  the  case  of  ex¬ 
plants  facing  Serna  A-expressing  COS  cell  aggregates.  Surpris¬ 
ingly,  Serna  A  appeared  to  exert  a  moderately  attractive  effect  on 
olfactory  bulb  neurites  (Figs.  3F,  4;  Table  1).  The  neurite  surface 
in  the  proximal  quadrant  was  significantly  higher  of  33%  when 
compared  with  the  distal  one  (Fig.  45),  and  the  mean  number  of 
neurites  in  the  proximal  quadrant  was  very  significantly  increased 
(Table  2).  In  addition,  chemoattraction  was  observed  in  40%  of 
the  explants  in  comparison  with  11%  of  control  COS  cells  or  0% 
of  Serna  IV-expressing  cells  (Fig.  45,  Table  1).  Repulsion  with 
Serna  A  was  observed  in  merely  9%  of  the  explants  (Fig.  4 A, 
Table  1).  This  attractive  effect  is  comparable  with  the  one  that  has 
been  recently  shown  for  Serna  E  on  neocortical  axons  (Bagnard  et 
al.,  1998).  In  addition,  the  average  length  of  neurite  bundles  was 
comparable  in  the  proximal  (273  ±  8  /mm;  n  =  92)  and  distal 
(231  ±  10  /mm;  n  =  92)  quadrants  and  similar  to  the  average 
distance  (266  ±  10  /mm;  n  =  92)  between  the  explants  and 
the  COS  aggregates.  This  shows  that  the  Serna  A  has  essentially 
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Figure  3,  Illustration  of  the  co-culture  experiments.  E14-E15  rat  olfactory  bulb  explants  were  co-cultured  60  hr  next  to  aggregates  of  control  COS  cells 

(A)  or  COS  cells  transfected  with  H-sema  III  (B),  mouse  sema  E  (C),  mouse  sema  H  (£)),  H-sema  IV (E),  or  mouse  sema  A  {F).  All  explants  were  fixed 
and  stained  with  anti-)3-tubulin  antibodies.  Olfactory  bulb  axons  grow  symmetrically,  in  the  case  of  control  cells  (A)  and  COS  cells  expressing  Sema  III 

(B) y  Sema  E  (C),  and  Sema  H  (D),  whereas  they  are  strongly  repelled  by  Sema  IV-expressing  COS  cell  aggregates  (E).  With  Sema  A-expressing  cells 
(E),  olfactory  bulb  axons  grow  in  all  quadrants,  but  they  are  more  numerous  in  the  quadrant  facing  the  COS  cells  aggregate,  indicative  of  an  attraction. 
Scale  bars:  A-D,  170  /xm;  E,  E,  150  /xm. 
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Table  1.  Semiquantitative  evaluation  of  the  effect  of  secreted 
Semaphorins  and  olfactory  epithelium  (OE)  on  axonal  outgrowth  of 
olfactory  bulb  explants 

Axonal  outgrowth 

Coculture  condition 

n  +  + 

= 

-- 

COS  control 

71  3 

5 

51 

8 

4  / 

Sema  III 

34 

2 

28 

4 

Sema  E 

48 

5 

36 

7 

Sema  H 

24 

3 

18 

3 

Sema  A 

109  15  27 

57 

5 

5 

Sema  IV 

96 

44 

16 

36 

OE 

56  1 

9 

17 

11 

18 

Explants  were  labeled  using  anti-^-tubuIin  antibodies.  Co-cultures  were  classified  as 
follows:  ++,  strong  axonal  attraction  (surface  occupied  by  axonal  growth  is  more 
than  threefold  larger  in  the  proximal  than  in  the  distal  quadrant);  +,  moderate 
attraction  of  axons  (axonal  surface  is  twofold  to  threefold  larger  in  the  proximal  than 
in  the  distal  quadrant);  =,  radial  axonal  growth  (axonal  surface  in  the  proximal  and 
distal  quadrants  differed  by  less  than  twofold);  moderate  axonal  repulsion 
(neurite  surface  twofold  to  threefold  larger  in  the  distal  than  in  the  proximal 
quadrant);  — ,  strong  axonal  repulsion  (surface  occupied  by  axons  is  more  than 
threefold  broader  in  the  distal  than  in  the  proximal  quadrant). 

a  directional  effect  and  does  not  stimulate  the  growth.  Repuh 
sive  secreted  semaphorins  also  have  mostly  a  directional  action 
(Messersmith  et  al.,  1995;  Song  et  al.,  1998). 

Serna  A  and  Serna  IV  expression  in  the  rat 
olfactory  system 

We  tried  to  determine  the  possible  function  of  Serna  A  and  Serna 
IV  in  the  development  of  the  LOT  in  vivo  by  studying  the 
expression  pattern  of  their  mRNAs  in  E14-E15  rat  embryos  (Fig. 
5).  At  E15,  sema  A  mRNA  was  not  detected  in  the  forebrain  (Fig. 
SA,B\  as  previously  mentioned  (Piischel  et  al.,  1996).  Neverthe¬ 
less,  we  could  observe  a  strong  expression  of  sema  A  in  the 
mesenchyme  precursor  of  the  frontal  bone  extending  from  the 
base  of  the  olfactory  bulb  rostrally  to  the  piriform  cortex  caudally 
(Fig.  5A,B).  Therefore,  sema  A  expression  is  restricted  to  cells 
that  are  juxtaposed  to  the  pathway  followed  by  LOT  axons,  sema 
/Fwas  expressed  in  the  cortical  plate  of  the  neocortex,  as  previ¬ 
ously  described  (Chedotal  et  al.,  1998),  and  in  the  ganglionic 
eminence  (Fig.  5C,D).  High  sema  IV  mRNA  expression  was  also 
observed  in  the  olfactory  epithelium  (Fig.  5E)  and  was  absent 
from  the  septum  (Fig.  5C,D).  In  addition,  at  E15,  sema  IV  mRNA 
was  not  expressed  in  the  olfactory  bulb  (results  not  shown). 

Chemorepulsion  of  olfactory  bulb  axons  by  the 
olfactory  epithelium 

Because  Sema  IV  repels  LOT  axons  and  is  highly  expressed  in 
the  olfactory  epithelium,  we  tried  to  determine  whether  we  could 
show  long-range  effects  of  the  olfactory  epithelium  on  olfactory 
bulb  axons.  We  therefore  co-cultured  in  collagen  gel  E14-E15 
olfactory  bulb  explants  next  to  olfactory  epithelial  explants.  In 
52%  of  the  cases,  the  growth  of  olfactory  bulb  axons,  visualized 
with  Dil,  was  opposed  to  the  epithelial  explant  (Figs.  AA,  6;  Table 
1),  and  neurites  were  significantly  more  numerous  in  the  distal 
quadrant  than  in  the  proximal  one  (Table  2).  This  demonstrates 
that  the  embryonic  olfactory  epithelium  secretes  a  factor  repul¬ 
sive  for  olfactory  bulb  axons. 

We  also  tried  to  co-culture  olfactory  bulb  explants  next  to 
explants  of  mesenchyme  surrounding  the  LOT  but  could  not 
observe  clear  attractive  or  repulsive  effects,  because  in  24  hr 
mesenchymal  cells  migrate  in  the  collagen  gel  and  reach  and 
partially  cover  OB  explants  (results  not  shown). 
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Figure  4.  Histogram  summarizing  the  data  shown  in  Table  1  and 
illustrating  the  proportion  (percent)  of  olfactory  bulb  explants  in  which 
axons  look  attracted,  repelled,  or  unaffected  when  co-cultured  next  to 
control  COS  cells,  Sema  A-  or  Sema  IV-expressing  cells,  and  olfactory 
epithelium.  B,  Histogram  showing  the  axonal  surface  (mean  ±  SEM)  in 
the  different  combinations  of  olfactory  bulb  explants  and  COS  cells.  All 
explants  were  fixed  and  stained  with  anti-/3-tubulin  antibodies.  The  axonal 
surface  was  measured  in  the  distal  {black  bars)  and  proximal  {gray  bars) 
quadrants,  as  indicated  in  C.  Olfactory  bulb  axons  are  strongly  repelled  by 
Sema  IV  but  attracted  by  Sema  A.  Control  COS  cells  have  no  effect.  The 
asterisks  denote  differences  between  both  quadrants  (proximal  and  distal) 
that  are  significant  at  the  p  ~  0.0001  level  (Mann-Whitney  rank  sum  test 
and  Wilcoxon  signed  rank  test).  C,  Schema  of  the  method  used  to  quantify 
neurite  outgrowth.  An  image  analysis  system  was  used  to  determine  the 
overall  area  covered  by  neurites  in  the  proximal  (P,  gray  area)  and  distal 
(A  black  area),  as  represented  on  the  right.  This  gives  an  estimate  of 
neurite  lengths  and  numbers. 
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Table  2.  Mean  number  of  neiirite  bundles  in  OB  explants  in  different  coculture  conditions 


Mean  no.  of  nciiritc  bundles  ±  SfiM 


CocLiliurc  conditions 

n 

Proximal  quadrant 

Distal  quadrant 

P 

OB  +  COS  control 

l(i 

4{).3  ±10 

40.7  1  1 1 

NS  (>0.()5) 

OB  +  Sema  A 

10 

6.T2  ±  IS 

24.S  l:  7 

<0.0001 

OB  +  Sema  IV 

10 

24.9  ±  7 

73  -  1  1 

<0.0001 

OB  +  OE 

10 

17.9  ±  6 

57.S  ±  13 

<0.0001 

Figure  5.  Expression  pattern  of  senm  A  and  sema  IV'' \n  the  developing  head.  Hybridizations  were  perl\>rnied  with  ^^S-labeled  {A-D)  or  digoxigenin- 
labclcd  (£■)  riboprobes  on  coiamal  {A-D)  and  horizontal  (/:)  sections  of  I:l5  rat  brains.  The  prospective  IcKation  of  the  I.OT  is  delimited  by  ^/«.v//c.v  in 
A-C.Ay  H^sema  A  mRNA  is  found  in  the  mesenchyme  precursor  ol  the  frontal  bone  (/I,  umnv.v),  immediatelv  adjacent  to  the  LCH .  F'.xpression  starts 
at  the  base  of  the  Or3  in  A  and  runs  caudally  to  the  level  of  the  trigeminal  ganglion  { f  ’)  that  is  also  expressing sema  A  {see  H).  C.  D.  scnia  /  His  expressed 
in  the  cortical  plate  {arrowhauls)  and  in  the  ganglionic  eminence  {  gc).  Strong  expression  is  also  found  in  the  choroid  plexuses  {cp}  and  the  skin.  Note 
in  C  and  D  that  the  septum  (.S)  is  not  expressing  vc/uu  /  I  .  In  h.scma  /  I  expression  is  homogeneouslv  hiuh  in  the  olfactorv  epithelium  {anowheads). 
Scale  bars:/!,  215  /zm;  I).  1  1(1  pLin:  C\  240  p.m;  F.  and  300  jLtm. 

DISCUSSION 

We  found  that  olfactory  hulh  axons,  which  will  form  the  1.01', 
respond  to  Sema  IV  and  Sema  A  but  not  to  other  secreted 
semaphorins.  In  collagen  gel  assays.  Sema  IV  repels  olfactory 
bulb  axons,  whereas,  more  surprisingly,  Sema  A  acts  as  an  at- 
tractant.  In  addition,  in  ctveulture  experiments,  the  olfactorv 
epithelium  exercises  a  repulsive  action  on  the  a.xons  growing  from 


olfactory  bulb  explatils.  Finally,  the  expression  patterns  of  sema  A 
and  sema  IV  in  the  embryonic  olfactory  .system  and  in  structures 
next  to  the  lateral  olfactory  tract  strongly  suggest  that  these 
semaphorins  might  play  a  role  in  the  formation  of  the  LOT. 

Developing  axons  are  known  to  be  guided  from  a  distance  by 
diffusible  molecules  that  can  be  attractive,  repulsive,  or  both 
(T'essier-Lavigne  and  Oioodman,  1^96).  Our  results  suggest  that 
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Figure  6.  Olfactory  bulb  and  olfactory  epithelium  cocultures.  OB  ex¬ 
plants  were  labeled  with  Dil  and  placed  near  an  unlabeled  explant  of 
olfactory  epithelium  {OE,  dotted  line).  Labeled  axons  grow  almost  exclu¬ 
sively  on  the  distal  side  of  the  explant  opposite  to  the  olfactory  epithe¬ 
lium,  indicating  that  the  OE  releases  a  diffusible  repulsive  factor.  Scale 
bar,  200  p.m. 

chemoattraction  and  chemorepulsion  exert  a  cooperative  action 
during  the  development  of  the  LOT.  First,  we  showed  that  the 
olfactory  epithelium  releases  a  diffusible  factor  that  repels  olfac¬ 
tory  bulb  axons  and  could  force  them  to  leave  the  olfactory  bulb 
primordium  and  grow  caudally.  This  repellent  effect  is  mimicked 
by  Serna  IV  and  not  by  any  other  secreted  semaphorins  or  by 
netrin-1,  another  stong  chemorepellent  (F.  de  Castro,  A.  Che- 
dotal,  and  C.  Sotelo,  unpublished  observations).  The  finding  that 
sema  IV  \s  expressed  in  the  olfactory  epithelium  (also  see  Giger 
et  al.,  1998)  at  the  time  LOT  axons  grow  suggests  that  this 
molecule  could  be  the  epithelial-derived  repellent  factor  (Fig.  7; 
see  below).  In  addition,  it  is  known  that  developing  LOT  axons 
never  enter  the  embryonic  neocortex  (Schwob  and  Price,  1984), 
which  produces  a  repulsive  factor  for  LOT  axons  (Pini,  1993). 
sema  IV,  whose  mRNA  is  highly  expressed  in  the  cortical  plate  of 
the  neocortex  (Chedotal  et  al.,  1998;  Giger  et  al.,  1998  and 
present  results),  becomes  an  excellent  candidate  to  be  the  se¬ 
creted  factor  pfeventing  the  invasion  of  the  neocortex  by  LOT 
axons  (Fig.  7). 

Chemorepulsion  has  been  observed  in  several  neuronal  systems 
(Fitzgerald  et  al.,  1993;  Colomarino  and  Tessier-Lavigne,  1995; 
Tamada  et  al.,  1995;  Varela-Echavarria  et  al.,  1997;  Chedotal  et 
al.,  1998;  Rochlin  and  Farbman,  1998;  Tuttle  et  al.,  1998),  but  the 
first  evidence  came  from  the  embryonic  rat  olfactory  system  in 
which  the  septum  produces  a  diffusible  factor  repelling  olfactory 
bulb  axons  (Pini,  1993;  Fig.  7).  This  still  uncharacterized  activity 
was  supposed  to  explain  why  LOT  axons  grow  away  from  the 
midline  (Pini,  1993),  although  recent  in  vitro  results  have  shown 
that  mitral  cell  axons  also  elongate  along  their  normal  pathway 
without  a  septum  (Sugisaki  et  al,,  1995).  Because  Sema  IV  and 
the  other  known  secreted  semaphorins  have  not  been  found  in 
the  embryonic  septum,  the  repulsive  factor,  produced  by  the 
latter,  might  not  belong  to  the  semaphorin  family. 


In  addition,  olfactory  bulb  axons  grow  preferentially  toward 
aggregates  of  COS  cells  producing  Sema  A  but  not  any  other 
secreted  semaphorins,  suggesting  that  chemoattraction  could  also 
be  involved  in  the  formation  of  the  LOT.  In  the  embryonic  rat 
head,  sema  A  mRNA  is  almost  exclusively  found  in  the  frontal 
bone  primordium  that  is  apposed  to  the  forebrain  parenchyma 
and  therefore  immediately  adjacent  to  the  LOT,  at  a  distance  that 
could  be  smaller  than  20  jutm  (Meller  and  Tetzlaff,  1975).  Al¬ 
though  direct  evidence  is  still  lacking,  our  results  suggest  that 
Sema  A  released  by  the  mesenchymal  cells  could  attract  in  the 
CNS  axons  of  the  lateral  olfactory  tract.  At  this  early  stage,  the 
immature  meningeal  covers  are  permeable,  and  the  glia  limitans 
is  covered  by  a  basal  membrane,  which  prevents  axons  to  leave  the 
CNS.  This  could  explain  why  LOT  axons  grow  preferentially  in 
the  most  superficial  zone  of  the  forebrain  (Fig.  7).  Sema 
A-mediated  attraction  was  weaker  than  Sema  IV  repulsion,  a 
difference  that  could  emerge  from  the  heterogeneity  of  olfactory 
bulb  axons  together  with  a  differential  action  on  a  large  axonal 
population  for  Sema  IV  and  on  a  smaller  one  for  Sema  A  (simi¬ 
larly,  at  E14  in  the  rat,  Sema  III  repels  only  NGF-sensitive  dorsal 
root  ganglion  axons  but  not  NT3-sensitive  ones;  Messersmith  et  al., 
1995).  This  assumption  is  based  on  the  fact  that  mitral  and  tufted 
cells  are  morphologically,  neurochemically,  and  functionally  het¬ 
erogeneous  (Macrides  et  al.,  1985;  Shipley  and  Ennis,  1996). 

It  has  recently  been  shown  that  Sema  E  can  attract  cortical 
axons  (Bagnard  et  al.,  1998).  The  present  results  confirm  that  in 
the  vertebrate  CNS,  secreted  semaphorins  could  promote  the 
growth  of  certain  axonal  populations  in  normal  developmental 
conditions.  In  addition,  in  cultured  embryonic  Xenopus  spinal 
neurons,  an  experimental  elevation  of  the  cytosolic  concentration 
of  cGMP  can  turn  Sema  III  repulsive  action  into  an  attraction 
(Song  et  al.,  1998).  Moreover,  G-Sema  I,  a  grasshopper  trans¬ 
membrane  semaphorin  that  was  previously  shown  to  inhibit  the 
growth  of  other  sensory  axons  (Kolodkin  et  al.,  1992),  appears  to 
promote  the  growth  of  axons  in  the  subgenual  organ  (Wong  et  al,, 
1997).  Similarly,  Sema  A,  attractive  in  this  study,  is  repellent  for 
sympathetic  axons  (Adams  et  al.,  1997;  Takahashi  et  al.,  1998). 
Therefore,  we  have  enough  evidence  to  start  thinking  that  sema¬ 
phorins  might  be  bifunctional  guiding  cues,  attractive  and  repul¬ 
sive,  like  the  midline-derived  netrin-1  (Serafini  et  al.,  1994;  Co¬ 
lomarino  and  Tessier-Lavigne,  1995;  Varela-Echavarria  et  al., 
1997).  Non-neuronal  tissues,  such  as  the  somites,  are  known  to 
influence  the  patterning  of  axonal  projections  in  the  peripheral 
nervous  system  (Tannahill  et  al.,  1998).  In  addition,  diffusible 
factors  produced  by  the  the  notochord  and  other  mesodermic 
tissues  play  a  role  in  neuronal  differentiation  in  the  CNS  (La- 
Mantia  et  al.,  1993;  Rubenstein  and  Beachy,  1998).  To  our  knowl¬ 
edge,  the  present  results  represent  the  first  evidence  for  a  pre¬ 
sumptive  influence  of  non-neuronal  peripheral  tissue  on  axon 
tract  formation  and  orientation  in  the  vertebrate  CNS. 

The  identity  of  the  receptors  involved  in  Sema  A  and  Sema  IV 
signaling  in  olfactory  bulb  axons  is  still  unknown.  The  transmem¬ 
brane  proteins  neuropilin-1  and  -2  have  been  shown  to  be  recep¬ 
tors,  or  components  of  receptors,  for  vertebrate-secreted  sema¬ 
phorins  (Chen  et  al.,  1997;  Feiner  et  al.,  1997,  He  and  Tessier- 
Lavigne,  1997;  Kolodkin  et  al.,  1997,  Giger  et  aL,  1998;  Takahashi 
et  al.,  1998).  Recently,  it  has  been  shown  that  Sema  IV-induced 
repulsion  of  sensory  axons  is  mediated  by  neuropilin-2  (Giger  et 
al.,  1998).  Moreover,  Sema  A  collapsing  activity  also  requires 
neuropilin-2,  perhaps  in  combination  with  neuropilin-1  (Taka¬ 
hashi  et  al.,  1998).  Both  neuropilins  are  expressed  by  mitral 
neurons  and  mitral  cell  axons  at  the  time  they  leave  the  olfactory 
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Figure  Z  Schematic  representation  in 
horizontal  (A)  and  coronal  (B)  planes 
of  the  chcmorcpulsive  and  chemoattrac- 
tive  factors  that  influence  the  formation 
of  the  lateral  olfactory  tract.  The  olfac¬ 
tory  epithelium  (OE)  would  released  a 
repulsive  factor  (violet  circles),  probably 
Serna  IV,  forcing  LOT  axons  (red)  to 
leave  the  olfactory  bulb.  An  unidentified 
factor  (green  circles)  produced  by  the 
septum  (S)  would  prevent  LOT  axons  to 
cross  the  midline.  In  addition,  LOT  ax¬ 
ons  would  grow  very  superficially,  being 
attracted  by  Serna  A  (orange  circles)  se¬ 
creted  by  the  mesenchyme  precursor  of 
the  frontal  bone  ( gray). 


bulb  (Sugisaki  et  al.,  1995;  Kawakami  et  al,  1996;  Chen  et  al., 
1997;  F.  de  Castro  and  A.  Chedotal,  unpublished  observations), 
but  in  neuropilin-1  knock-out  mice  (Kitsukawa  et  al.,  1997)  the 
LOT  develops  normally,  suggesting  that  neuropilin-2  could  be  the 
receptor  mediating  Serna  IV  and  Serna  A  responses.  It  would  be 
interesting  to  determine  whether  the  repulsive  and  attractive 
effects  of  Serna  A  are  mediated  by  different  receptors.  In  Xenopus 
axons,  it  is  clear  that  the  same  second  messengers  may  be  used  for 
both  Serna  Ill-mediated  attraction  and  repulsion  and  that 
neuropilin-1  is  the  receptor  for  both  (Song  et  al.,  1998).  Finally, 
the  receptor  might  not  be  a  neuropilin,  because  it  has  recently 
been  shown  that  virus-encoded  semaphorin  protein  receptor,  a 
member  of  the  plexin  family  of  transmembrane  proteins,  is  a 
receptor  for  a  viral  semaphorin  (Comeau  et  al.,  1998),  and  that  in 
Drosophila,  plexin  A  binds  transmembrane  semaphorins  (Win- 
berg  et  al.,  1998).  Whether  plexins  are  receptors  for  other 
vertebrate-secreted  or  transmembrane  semaphorins  remains  un¬ 
known  (also  see  Fujisawa  and  Kitsukawa,  1998). 

Semaphorins  have  been  involved  in  the  development  and  re¬ 
generation  of  other  axonal  connections  of  the  olfactory  system 
(Shepherd  et  al.,  1996;  Pasterkamp  et  al.,  1998).  Collapsin-l/Sema 
III  can  induce  the  collapse  of  olfactory  axonal  growth  cones 
(Kobayashi  et  al.,  1997)  and  could  serve  as  a  stop  signal  for  these 
axons,  initially  preventing  them  from  invading  the  olfactory  bulb 
(Giger  et  al.,  1996).  Recently  it  has  been  shown  that  Serna  A  and 
Serna  E  can  antagonize  Serna  III,  preventing  its  binding  to 
neuropilin-1  (Takahashi  et  al.,  1998).  Olfactory  receptor  neurons 
express  Serna  IV,  which  also  binds  neuropilin-1  but  does  not 
induce  DRG  growth  cone  collapse  (A.  Chedotal,  unpublished 
observations)  and  could  also  be  an  antagonist  of  neuropilin- 1.  In 
agreement  with  Takahashi  et  al.  (1998),  Serna  IV  could  act  as  a 
repellent  for  olfactory  bulb  axons  and  an  antirepellent  for  olfac¬ 
tory  axons,  allowing  them  to  enter  the  bulb  even  in  the  presence 
of  a  high  concentration  of  Serna  III  in  their  target  territory. 
Finally,  several  studies  have  shown  that  the  formation  of  the 


olfactory  bulb  depends  on  the  olfactory  receptor  neurons,  inde¬ 
pendently  of  synapse  formation  (Graziadei  et  al.,  1978;  Stout  and 
Graziadei,  1980;  Gong  and  Shipley,  1995).  The  factors  responsi¬ 
ble  for  these  actions  have  not  been  identified  but  it  would  be 
interesting  to  determine  whether  it  could  be  a  semaphorin. 

In  conclusion,  during  axonogenesis,  LOT  axons  are  probably 
influenced  by  multiple  diffusible  factors,  repulsive  and  attractive, 
in  combination  with  a  variety  of  short-range  cues  (Sugisaki  et  al., 
1995;  Sato  et  al.,  1998). 
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DEF-3(^16/NY-HJ-12)  encodes  a  novel  RNA  binding 
protein  isolated  by  positional  cloning  from  an  SCLC 
homozygous  deletion  region  in  3p21.3  and,  in  parallel,  as 
a  differentially  expressed  gene  during  myelopoiesis  from 
FDCPmix-A4  cells.  DEF-3(gl6/NY-LU42)  is  ubiqui¬ 
tously  expressed  during  mouse  embryogenesis  and  in 
adult  organs  while  human  hematopoietic  tissues  showed 
differential  expression.  The  mouse  and  human  proteins 
are  highly  conserved  containing  two  RNA  recognition 
motifs  (RRMs)  and  other  domains  associated  with  RNA 
binding  and  protein-protein  interactions.  A  database 
search  identified  related  proteins  in  human,  rat,  C. 
elegans  and  S,  pombe  including  the  3p21.3  co-deleted 
gene,  LUCA  15.  Recombinant  proteins  containing  the 
RRMs  of  DEF-3(gl6/NY-LU-12)  and  LUCA15  specifi¬ 
cally  bound  poly(G)  RNA  homopolymers  in  vitro*  These 
RRMs  also  show  similarity  to  those  of  the  Hu  protein 
family.  Since  anti-Hu  RRM  domain  antibodies  are 
associated  with  an  anti-tumor  effect  and  paraneoplastic 
encephalomyelitis,  we  tested  sera  from  Hu  syndrome 
patients  with  the  RRMs  of  DEF-3(gl6/NY-LU-12)  and 
LUCA  15.  These  were  non-reactive.  Thus,  DEF-3{gl6/ 
NY-LU-12)  and  LUCA  15  represent  members  of  a  novel 
family  of  RNA  binding  proteins  with  similar  expression 
patterns  and  in  vitro  RNA  binding  characteristics.  They 
are  co-deleted  in  some  lung  cancers  and  immunologically 
distinct  from  the  Hu  proteins. 

Keywords;  granulocyte  differentiation;  zinc  finger;  POZ 
domain 


Introduction 

Loss  of  heterozygosity  involving  3p  is  one  of  the  most 
frequent  alterations  in  various  epithelial  neoplasms. 
Within  this  chromosomal  arm,  3p21,3  appears  to  be  an 
important  target  (Daly  et  ai^  1993;  Wei  et  ai,  1996; 
van  den  Berg  et  ai,  1996)  (and  references  therein).  We 
previously  identified  a  3p21.3  homozygous  deletion  in 
the  small-cell  lung  carcinoma  (SCLC)  cell  line  NIH- 
H1450  (Roche  et  ai,  1996)  which  overlapped  two  other 
deletions  in  the  SCLCs,  NIH-H740  and  GLC20.  In 
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that  report,  we  described  the  semaphorin,  H.SemalV, 
from  the  common  deletion  region  and  an  unrelated 
cDNA,  LI -204,  from  the  site  of  the  telomeric  GLC20 
breakpoint.  Although  LI -204  was  evolutionarily 
conserved,  it  did  not  contain  a  significant  open 
reading  frame.  However,  GRAIL  predicted  one 
coding  segment  which  corresponded  to  a  74  bp  exon¬ 
trapping  product.  In  an  independent  set  of  experiments 
using  a  retroviral  gene-trap  vector  to  identify  differen¬ 
tially  expressed  genes  during  granulocytic  and  macro¬ 
phage  differentiation  of  murine  FDCPmix-A4  cells,  we 
isolated  sequences  homologous  to  the  trapped  exon. 
This  gene,  initially  called  def-3  (Acc  No  X96701),  was 
found  to  be  downregulated  during  granulocytic 
differentiation  while  persisting  during  macrophage 
development  (Hotfilder  et  al..,  data  to  be  presented 
elsewhere). 

Sequences  from  a  partial  cDNA,  corresponding  to 
the  same  gene,  had  been  deposited  as  gl6  (#U50839) 
nearly  simultaneously  with  our  initial  submission. 
Recently,  Gure  et  ai  (1998)  identified  NY-LU-12/gl6 
by  screening  a  cDNA  expression  library  using  an 
autologous  antibody  from  a  patient  with  adenocarci¬ 
noma  of  the  lung.  Of  interest,  these  authors  found  that 
two  of  twenty-one  lung  cancer  patients  had  reactive 
antibodies  although  no  further  characterization  of  the 
antibodies  or  biochemical  analysis  of  the  protein  was 
performed. 

In  this  report,  we  have  examined  the  human  and 
mouse  DEF-3(gl6/NY-LU-12)  sequences  and  their 
RNA  expression  patterns.  We  also  examined  the 
expression  of  LUCA  15,  a  highly  similar  and  co¬ 
deleted  gene  located  immediately  adjacent  to  DEF- 
3(gl6/NY-LU-I2)  in  3p21.3.  DEF-3(gl6/NY-LU-12) 
and  LUCA  15  encode  predicted  RNA  binding  proteins 
since  each  contains  two  RNA  recognition  motifs 
(RRMs).  While  similar  to  Drosophila  sex-lethal  and 
elav,  among  mammalian  proteins  the  RRMs  of  DEF- 
3(gl6/NY-LU-l2)  and  LUCA  15  are  most  like  those  of 
the  human  Hu  protein  family.  Interestingly,  RRMs 
from  Hu  proteins  are  antigenic  and  associated  with 
paraneoplastic  encephalomyelitis  and  anti-tumor  activ¬ 
ity  in  some  patients  with  SCLC.  Antibodies  from  Hu- 
syndrome  patients  are  directed  against  the  RRM 
domains  and  cross-react  with  multiple  Hu  protein 
family  members  (reviewed  in  Okano  and  Darnell, 
1997).  Therefore,  we  tested  the  cross-reactivity  of 
DEF-3(gl6/NY-LU-12)  and  LUCA15  RRMs  with 
Hu  antisera  and  found  them  to  be  immunologically 
distinct. 
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As  an  initial  characterization  and  confirmation  that 
the  predicted  RRMs  actually  bind  RNA,  we  performed 
in  vitro  studies  with  RNA  homopolymers  and 
recombinant  RRM  polypeptides  from  DEF-3(gl6/ 
NY-LU'12)  and  LUCA  15.  Both  proteins  specifically 
bound  poly(G)  RNA,  in  contrast  to  HuD  which  bound 
poly(A).  With  their  overall  similarity,  this  suggests  they 
might  have  common  targets  in  vivo.  Finally,  a  database 
analysis  indicated  that  DEF-3(gl6/NY-LU'I2)  and 
LUCA  15  are  markedly  similar  to  the  rat  RNA 
binding  protein,  Sl-1,  and  its  apparent  human 
homologue  (KIAA0122).  Additional  related  proteins 
were  identified  in  C.  elegans  and  S.  pombe.  Thus,  DEF- 
3(gl6/NY“LU-12)  and  LUCA  15  are  members  of  an 
evolutionarily  conserved  family  of  RNA  binding 
proteins. 


Results 

Cloning  and  mapping  of  DEF-3(gl6INY-LU-12) 

Two  approaches  led  us  to  the  identification  of  DEF- 
3(gl6/NY-LU-l2).  A  mouse  sequence  of  450  bp  (def-3, 
Acc  No  X96701)  was  isolated  from  the  multipotent  cell 
line,  FDCPmix-A4,  in  a  retroviral  gene-trap  approach 
to  identify  differentially  regulated  genes  during 
granulopoeisis  (Hotfilder  et  ai,  in  preparation). 
Independently,  a  positional  cloning  approach  invol¬ 
ving  an  apparent  cluster  of  breakpoints  near  the 
telomeric  boundary  of  an  SCLC  3p2L3  homozygous 
deletion  led  to  isolation  of  a  trapped  exon  from  an 
incompletely  spliced  cDNA  (LI -204)  (Roche  et  ai, 
1996).  This  exon  was  nearly  identical  to  sequences  from 
the  mouse  clone  which,  in  turn,  identified  the  partial 
cDNA  in  GenBank,  gl6  (Acc  No  U50839).  As  initially 
deposited,  gl6  lacked  the  trapped  exon  from  LI -204. 
Both  the  human  and  mouse  full-length  cDNAs  were 
subsequently  isolated  (Materials  and  methods).  A 
primer  pair,  H29465,  from  the  3'  end  of  DEF- 
3(gl6NY-LU-12)  was  found  to  be  commonly  deleted 
in  each  of  three  SCLC  cell  lines,  i.e.,  NCI-H740, 
GLC20  and  NCI-H1450  (not  shown).  However,  a 
Southern  blot  using  a  probe  from  359- 1037  bp  of 
DEF-3(gl6/NY-LU-12)  showed  a  homozygous  deletion 
only  in  NCI-H1450  (Figure  1).  Thus,  DEF-3(gI6/NY- 
LU-12)  is  directly  interrupted  by  both  the  NCI-H740 
and  GLC20  deletions. 

Sequence  analysis  of  DEF-3  identifies  a  novel  protein 
family 

The  human  cDNA  sequence  (Acc  No  AF069517)  of 
DEF-3(gl6/NY-LU-12)  predicts  a  1123  amino  acid 
nuclear  protein  of  129  kDa.  Comparison  with  the 
mouse  sequence  (Acc  No  AJ006486)  (Figure  2a)  shows 
they  are  89%  identical  and  93%  similar  at  the  amino 
acid  level.  Database  searches  identified  related  proteins 
in  human  (LUCA  15  and  KIAA0I22),  rat  (Sl-1),  C. 
elegans  and  S.  pombe.  All  exhibit  a  similar  domain 
structure  including  the  order  in  which  these  domains 
occur,  thus  defining  a  novel  protein  family.  Table  I 
shows  the  similarities  and  amino  acid  positions  for 
these  various  domains.  Those  domains  common  to 
each  of  the  family  members  are  the  RRMs,  zinc  fingers 
and  the  C-ter  region.  The  latter  occupies  approximately 
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Figure  1  A  portion  of  DEF-3(gl6/NY-LU-12)  is  retained  in  cell 
lines  defining  the  telomeric  border  of  the  3p21.3  common  deletion 
in  SCLC  cell  lines.  DNA  samples  from  a  normal  human  control 
cell  line  (GM2644)  and  three  SCLC  cell  lines  (GLC20,  NC1-H740 
and  NCI-HI450)  with  known  homozygous  deletions  were  digested 
with  EcoKX  or  Pstl.  The  resulting  Southern  blot  was  hybridized 
with  a  678  bp  DEF.3(gl6/NY-LU-12)  cDNA  probe  from  bp 
359-1037 


70  amino  acids  and  is  rich  in  glycine,  serine/threonine 
and  arginine/lysine  residues,  a  feature  noted  in  a 
variety  of  RNA  binding  proteins  (Birney  et  ai,  1993). 
A  comparison  of  the  various  C-termini  is  shown  in 
Figure  2b. 

Two  domains  are  unique  to  DEF-3(gl6/NY-LU- 
12).  The  first  is  the  decamer  repeat,  located  from 
amino  acids  71-330,  which  occurs  more  than  20 
times.  The  most  invariant  amino  acids  in  the  repeats 
are  DFRGRD  with  adjacent  uncharged  residues  on 
either  side.  In  certain  repeats,  RGR  is  substituted  by 
RGG,  a  recognized  motif  (the  RGG  box)  in  some 
RNA  binding  proteins  (Burd  and  Dreyfuss,  1994). 
Thus  this  region,  like  the  C-terminus,  may  participate 
in  RNA  binding.  The  second  unique  domain  involves 
amino  acids  14-65  which  shows  48%  similarity/23  % 
identity  with  the  POZ  (poxvirus  and  zinc  finger) 
domain  of  ZF5  (Acc  No  D89859).  This  degree  of 
similarity,  while  perhaps  not  striking,  is  comparable  to 
that  observed  among  other  POZ  domains.  Moreover, 
in  DEF-3(gl6/NY-LU-12),  the  second  zinc  finger 
belongs  to  the  QH,  class  iCX2.,CX,FX,LX,HXyMl 
Zinc  fingers  of  this  class  can  be  divided  into 
subfamilies  based  on  their  N-terminal  domains 
(reviewed  in  Grondin  et  ai,  1996).  One  of  these 
subfamilies  is  defined  by  N-ter  POZ  domains, 
suggesting  that  this  prediction  is  more  likely  to  be 
correct.  POZ  domains  are  implicated  in  protein- 
protein  interactions  (Bard well  and  Treisman,  1994: 
Dong  et  al.,  1996)  and  have  been  reported  to  inhibit 
binding  of  target  sequences  by  zinc  fingers  (Kaplan 
and  Calame,  1997;  Numoto  et  ai,  1993). 

Expres.sion  of  DEF-3(gl6jNY-LU-l2)  and  LUCA  15 

Northern  blots  for  DEF-3(gl6/NY-LU-I2)  were 
performed  with  RNAs  of  both  mouse  and  human 
derived  tissues.  A  450  bp  mouse  DEF-3(gl6/NY-LU- 
12)  probe  corresponding  to  1225- 1674  bp  of  the 
mouse  gene  was  used  in  Figure  3a.  During  mouse 
embryogenesis  (part  a),  and  in  adult  non-hematopoielic 
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tissues  (part  b),  expression  appears  constitutive. 
However,  using  the  same  probe  against  human 
hematopoietic  RNAs,  DEF-3(gl6/NY-LU-l2)  expres¬ 
sion  is  highest  in  certain  lymphoid  tissues  (lymph  node 
and  thymus)  while  markedly  lower  in  bone  marrow. 
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These  results  are  consistent  with  our  initial  findings 
which  suggested  that  DEF-3(gl6/NY“LU“12)  expres¬ 
sion  was  reduced  during  granulocytic  differentiation.  In 
peripheral  blood  leukocytes  and  also  in  fetal  liver,  two 
bands  were  observed.  In  support  of  this,  several 
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Figure  2  (a)  Amino  acid  sequence  of  the  human  and  mouse  DEF-3(gl6/NY-LU-12)  genes.  The  human  sequence  is  given  in  the 
upper  line  and  dilferences  in  the  mouse  sequence  are  noted  below.  The  shaded  boxes  demarcate  the  amino  acid  positions  (given  in 
parentheses)  of  following  consecutive  domains:  POZ  (14-65),  decamer  repeats  (70-330),  RRMI  (445-533),  ZnFI  (542-559),  RRM2 
(652-744),  oclamer  repeats  (790-813),  KEK.E  motif  (850-862),  coiled-coil  (934-956),  ZnF2  (957-980).  coiled-coil  (981-1003), 
nuclear  localization  signal  (1015-1031)  and  the  Gly,  Ser/Thr,  Arg/Lys  rich  C-ier  (1052-  1123).  (b)  Alignment  of  C-iermini  from 
DEF-3(gl6/NY-LU-12)  and  family  members.  Genbank  accession  numbers  are  LUCAI5  (#U23946),  KIAA0122  (#050912).  Sl-1 
(#083948),  C.  eiegans  gene  (1947021  in  #AF000263)  and  S.  ponthe  gene  (2104448  in  #Z95396) 


Table  1  The  various  domains  are  listed  across  the  top 


POZ 

Decamer 
repeats  RRMI 

ZnFI 

RRM2 

Ociamer 

repeat 

KEKE 

motif 

Amphipathic 

helix 

Coiled 

coil 

ZnF2 

Coded 

coil 

Nuclear 

heal 

Gly- Rich 

hDEF-3 

14-65 

70-330  445-533 

542-559 

652-744 

790-813 

850-862 

934-956  957-980 

981-1003 

1015-1031 

1052-1123 

58% 

38% 

61% 

67% 

77% 

57% 

93% 

80% 

63% 

61% 

Luca  1 5 

112-177 

187-204 

231-315 

456-498 

523-535 

536-553 

614-648  649-671 

672-711 

707-724 

744-815 

100% 

100% 

100% 

100% 

100% 

100% 

100% 

100% 

100% 

100% 

100% 

KIA- 

225-289 

300-317 

375-464 

646-688 

714-726 

727-744 

837-863 

864-905 

900 -917 

940-1010 

A0122 

75% 

83% 

82% 

86% 

85% 

100% 

93% 

87% 

100% 

79% 

Sl-1 

61-131 

142-159 

217-307 

488-530 

556-568 

569-586 

680-706 

707-747 

735-759 

782-852 

74% 

83% 

81% 

86% 

85% 

100% 

96% 

87% 

100% 

79% 

C  £/e- 

5-50 

66-83 

299-340 

375-392 

484-509 

52-537 

599-669 

gans 

65% 

72% 

55% 

78% 

65% 

47% 

67% 

S.  Pombe 

69-151 

161-178 

403-428 

370-  394 

491-565 

53% 

56% 

56% 

57% 

52% 

The  numbers  in  the  columns  refer  to  the  amino  acid  positions  of  the  domains  in  their  respective  proteins.  The  per  cent  values  indicate  the 
similarity  of  each  domain  compared  to  LUCA15,  initially  identified  as  GenelS  (Wei  ct  a/.,  1996),  which  was  used  as  the  base  of  comparison 
since  it  has  an  overall  higher  similarity  to  the  others  and  because  it  contains  an  amphipathic  domain  present  in  some  members,  but  absent  in 
DEF-3(gl6/NY-LU-12).  The  POZ  and  decanter  repeals  arc  unique  to  DEF-3(gl6/NY-LU-l2) 
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Figure  3  pEF-3(gI6/NY-LU-12)  expression  in  mouse  and  human  tissues.  RNA  was  isolated  from  fetal  mice  at  the  indicated 
gestational  times  (a)  or  from  adult  tissues  (b).  Human  RNAs  from  the  indicated  tissues  are  shown  in  (c).  The  filters  were  hybridized 
with  a  mouse  DEF-3(gl6/NY-LU-l2)  probe  corresponding  to  bp  1225-1674.  The  arrows  indicate  two  RNA  products  present  in 
human  samples,  ^-actin  was  used  as  control  (bottom  panels).  A  separate  Clontech  blot  (d)  was  sequentially  hybridized  with  human 
LUCAIS  and  DEF-3(gI6/NY-LU-12)  probes  corresponding  to  bp  2055-2561  and  1037-1015,  respectively  (see  Materials  and 
methods) 


splicing  variants  were  identified  in  the  cDNA  database 
(dbEST)  which  significantly  alter  the  predicted  protein 
(e.g.,  EST  AA934109,  AA442117). 

In  additional  experiments,  DEF-3(gl6/NY-LU-l2) 
expression  was  directly  compared  to  LUCA  15  by 
sequential  hybridizations  of  the  same  filter  (Clontech). 
Overall,  the  expression  patterns  for  both  DEF-3(gl6/ 
NY-LU-12)  and  LUCAIS  are  similar.  Figure  3d  shows 
that  both  genes  are  most  highly  expressed  in  heart 
while  expression  in  lung  and  kidney  was  barely 
detectable.  This  near  absence  of  expression  in  lung 
and  kidney  was  partially  due  to  less  RNA  present  in 
those  lanes  as  determined  by  a  control  G3PDH  probe 
(not  shown).  For  DEF-3(gl6/NY-LU-12),  the  relative 
intensities  of  the  '^4  and  5  kb  bands  vary  considerably 
among  different  tissues.  Two  bands  are  also  evident  for 
LUCAIS,  although  their  nearly  constant  relative 
intensities  and  considerable  size  difference  suggests 
that  the  larger  band  is  incompletely  spliced.  To 


further  extend  the  expression  analysis,  a  dot  blot 
(Clontech)  representing  50  tissues  was  sequentially 
hybridized  and  quantitated  by  phosphorimaging.  For 
comparison,  the  counts  from  all  50  tissues  were 
averaged  and  each  compared  to  the  mean.  Like  the 
Northern  analysis,  expression  levels  of  the  two  genes 
were  quite  similar  (not  shown).  Highest  levels  were 
seen  in  adult  thymus  (DEF-3(gl6/NY-LU>12),  224% 
of  the  mean;  LUCA  15,  179%)  and  fetal  kidney  (DEF- 
3(gl6/NY-LU-12),  183%;  LUCA15,  176%).  In  con¬ 
trast,  levels  in  the  fetal  thymus  and  adult  kidney 
counterparts  were  among  the  lowest  expressing  tissues: 
fetal  thymus  (DEF-3(gI6/NY-LU-I2),  72%;  LUCA15, 
79%)  and  adult  kidney  (DEF-3(gl6/NY-LU-12),  67%; 
LUCA  15,  79%).  These  results  suggest  that  differential 
expression  of  DEF-3(gl6/NY-LU-12)  and  LUCA  15 
occurs  during  development  of  non-hematopoietic 
organs  as  well.  The  most  marked  difference  between 
the  two  genes  was  in  adult  frontal  lobe  where  DEF- 


3(gl6/NY-LU-12)  was  135%  of  the  mean  compared  to 
55%  for  LUCA  1 5. 

Binding  of  RRM  domains  to  RNA  and  reactivity  with 
anti- Hu  sera 

Sequence  similarities  in  the  RRM  domains  of  RNA 
binding  proteins  have  been  reported  to  predict 
functional  similarities  among  these  proteins  (Kim  and 
Baker,  1993),  BLAST  searches  and  tertiary  structural 
alignments  showed  the  DEF-3(gl6/NY-LU-12)  and 
LUCA  15  RRMs  to  be  most  closely  related  to  RRMs 
from  Drosophila  sex-lethal  (Sxl).  Among  mammalian 
proteins,  the  most  related  RRMs  are  those  from  the 
Hu  protein  family.  Hu  proteins  bind  the  3'  UTRs  of 
some  growth  factor  and  cytokine  messages  resulting, 
where  known,  in  increased  stability  <Gao  et  al.,  1994; 
Levine  et  ai,  1993).  In  patients  with  SCLC,  anti-Hu 
antibodies  (which  cross-react  with  multiple  Hu  protein 
family  members)  appear  to  be  associated  with  an  anti¬ 
tumor  activity  and  in  some  cases  result  in  paraneo¬ 
plastic  encephalomyelitis  (Okano  and  Darnell,  1997; 
Graus  et  al.,  1997).  Figure  4  shows  a  comparison  of  the 
second  RRM  from  DEF-3(gl6/NY-LU-12)  and 
LUCA15  to  the  first  RRM  of  HuC.  The  overall 
structural  organization,  is  conserved  (Burd 

and  Dreyfuss,  1994).  The  p  sheets  containing  the 
conserved  octamer  (RNPl)  and  hexamer  (RNP2) 
motifs  are  believed  to  provide  a  general  RNA  binding 
surface  whereas  more  specificity  is  provided  by  the 
variable  loop  segments  and  boundaries  of  the  RRM 
domain  (Burd  and  Dreyfuss,  1994). 

Recombinant  proteins  containing  the  RRMs  of 
DEF-3(gl6/NY-LU-12)  and  LUCA  15  were  produced 
in  bacteria  (Materials  and  methods).  After  affinity 
chromatography,  the  proteins  appeared  either  essen¬ 
tially  pure  by  Coomassie  staining,  or  they  contained 
one  or  more  faint  lower  bands  which  reacted  with  anti- 
T7  Tag  antibodies  and  therefore  represented  truncated 
products  (i.e.,  the  T7  tag  epitope  is  encoded  by  the 
pRSET  vector  in  the  N-terminus  of  the  fusion  protein). 
The  predicted  sizes  of  the  recombinant  proteins  were 
~44,  33  and  45  kDa  for  DEF-3(gl6/NY-LU-l2), 
LUCA  1 5  and  HuD,  respectively,  which  matched  their 
migration  in  SDS-polyacrylamide  gels.  The  DNA 
constructs  were  used  to  produce  in  vitro  transcribed/ 
translated  ^^S-labelled  proteins  for  binding  to  RNA 
homopolymers  and  the  purified  proteins  from  bacteria 
were  used  to  test  cross- reactivity  with  anti-Hu  sera.  As 
a  negative  control  for  RNA  binding,  we  prepared 
labelled  firefly  luciferase  protein  (61  kDa)  using  the 
template  provided  in  the  TnT  kit  (Materials  and 
methods). 

The  results  of  the  RNA  binding  studies  are  shown  in 
Figure  5.  Preferential  binding  was  observed  by  the 
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DEF-3(gl6/NY-LU-l2)  and  LUCA15  RRM  domains 
to  poly(G)  RNA  (lanes  14,  16  and  20,  respectively)  at 
near  physiologic  salt  concentration  (0.1  M  NaCl,  pH 
7.5).  Of  note,  the  DEF-3(gI6/NY-LU-12)/LUCA  15 
family  member  SI -I  (rat  homologue  of  human 
KIA0122)  was  previously  shown  to  bind  G  and  U 
polyribonucleotides  (Inoue  et  al.,  1996).  In  contrast, 
HuD  was  found  to  bind  poly(A)  RNA  (lane  6)  in 
agreement  with  its  reported  binding  to  specific  A  +  U- 
rich  substrates  (Okano  and  Darnell,  1997;  Gao  et  al., 
1994).  No  binding  was  observed  by  the  61  kDa  firefly 
luciferase  (lanes  27-33).  For  DEF-3(gl6/NY-LU-12), 
we  tested  its  binding  to  poIy(G)  RNA  at  high  salt 
(0.5  M  NaCI,  pH  7.5)  and  found  it  was  inhibited  (lane 
17).  Finally,  to  exclude  the  possibility  that  the  observed 
binding  was  due  to  a  contaminating  intermediate 
protein  from  the  reticulocyte  lysate,  we  performed  a 
UV  cross-linking  experiment.  In  this  procedure,  only 
proteins  in  direct  contact  with  nucleic  acid  are 
covalently  cross-linked  to  it  by  UV  exposure.  After 
incubation  of  DEF-3(gl6/NY-LU-12)  with  poly(G) 
RNA,  UV  exposure  resulted  in  significantly  less 
recoverable  protein  from  the  beads  after  boiling  in 
SDS-containing  sample  buffer  (lane  19).  Based  on  the 
presence  of  the  structurally  conserved  RRM  domains 
and  these  biochemical  results,  we  conclude  that  DEF- 
3(gl6/NY-LU-12)  is  an  RNA  binding  protein.  No 
significant  binding  was  observed  with  either  single¬ 
strand  or  double-strand  DNA  (not  shown). 

Because  the  RRMs  of  DEF-3(gl6/NY-LU-l2)  and 
LUCA  15  show  similarity  to  those  of  the  Hu  proteins, 
we  asked  whether  anti-Hu  antibodies  would  be  cross¬ 
reactive.  High  titer  sera  from  ten  patients  with  the  Hu 
syndrome  were  tested  by  Western  blotting  against  the 
recombinant  RRMs  from  DEF-3(gl6/NY-LU-l2), 
LUCA  15  and,  as  a  positive  control,  HuD.  Four 
representative  samples  for  DEF-3(gl6/NY-LU-12)  are 
shown  in  Figure  6.  While  all  the  anti-Hu  sera  were 
reactive  to  HuD,  no  cross-reaction  was  detected 
against  DEF-3(gl6/NY-LU-l2).  Identical  results  were 
obtained  for  LUCA  15  (not  shown).  Control  sera 
showed  no  reactivity  against  any  of  the  proteins  (not 
shown).  Thus,  while  the  RRMs  of  DEF-3(gl6/NY-LU- 
12)  and  LUCA  15  are  similar  to  those  from  HuD,  they 
are  immunologically  distinct. 


Discussion 

RNA-binding  proteins  regulate  basic  aspects  of  RNA 
metabolism  such  as  capping,  polyadenylation,  trans¬ 
port,  splicing,  stability  and  translation  (reviewed  in 
Burd  and  Dreyfuss,  1994;  Singh  et  al.,  1995).  The 
presence  of  two  RNA  recognition  motifs  in  DEF- 
3(gl6/NY-LU-I2)  suggested  it  would  bind  RNA. 


Figure  4  Alignment  of  RRM  domains  from  DEF-3(gl6/NY-LU'12),  LUCA  1 5  and  HuC.  Black  and  shaded  boxes  indicate  identity 
and  similarity,  respectively.  Lines  above  the  alignment  indicate  the  predicted  secondary  structures.  The  topmost  line  corresponds  to 
DEF-3(gl6/NY-LU-l2)  and  so-forth.  Conserved  residues  as  given  by  Birney  cr  at.  (1993)  are  listed  below  the  alignment  where  U 
indicates  uncharged  and  Z  indicates  uncharged,  S,  or  T 
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Figure  5  Results  of  ^^S-Iabelled  protein  binding  to  RNA  homopolymers.  Lanes  1  and  2  contain  approximately  10%  of  the  TnT 
reactions  from  HuD  and  DEF-3(gl6/NY-LU-12L  respectively.  Lanes  3-8  represent  HuD  binding  to  the  indicated  RNA 
homopolymers  or  corresponding  matrices  (see  Materials  and  methods).  The  DEF-3(gl6/NY-LU-12)  results  are  in  lanes  9-14  and 
15-19.  As  can  be  seen,  HuD  binds  preferentially  to  poly(A)  RNA  (lane  6).  DEF-3(gl6/NY-LU-12)  binds  poly(G)  RNA  (lanes  14 
and  16)  which  is  inhibited  by  high  salt  (lane  17).  The  results  of  UV  cross-linking  are  shown  in  lane  19,  The  LUCA  15  results  are 
shown  in  lanes  20-26  with  preferential  binding  to  poly(G).  The  negative  control  reactions  with  firefly  luciferase  are  in  lanes  27-33 
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Figure  6  Western  blots  showing  the  reactivity  of  sera  from  four 
representative  patients  with  the  Hu  syndrome  to  recombinant 
HuD  protein  in  lane  2,  In  contrast,  no  reaction  is  seen  against 
recombinant  DEF-3(gl6/NY-LU-l2)  protein  in  lane  1.  Both 
DEF-3(gl6/NY-LU-12)  and  HuD  proteins  contain  the  T7  epitope 
tag  as  shown  in  the  first  pair  of  lanes.  Considerable  more  of  the 
DEF-3(gl6/NY-LU-12)  protein  was  loaded  in  order  to  enhance 
detection  of  cross-reacting  antibodies.  Identical  results  were 
observed  with  LUCA  15  (not  shown) 


RRMs  comprise  80-90  amino  acids  and  include  an 
octapeptide,  RNPl  and  a  hexapeptide,  RNP2  located 
in  the  first  and  third  ^-sheets  (Singh  e/  ol.,  1995;  Kenan 
et  al.,  1991;  Kim  and  Baker,  1993;  Birney  et  al.,  1993). 
From  X-ray  crystallographic  and  other  studies,  each 
RNP  binds  5-7  specific  nucleotides  (Oubridge  et  al., 
1994).  The  length  of  intervening  loops  and  the 
distribution  of  basic  amino  acids  adds  to  the  stability 
of  RNA-binding.  Using  recombinant  proteins  pro¬ 
duced  by  in  vitro  transcription/translation,  we  have 


demonstrated  that  the  DEF-3(gl6/NY-LU-l2)  RRMs, 
as  well  as  LUCA  15,  are  capable  of  specifically  binding 
poly(G)  RNA.  For  DEF-3(gl6/NY-LU-12),  this 
binding  occurred  at  physiologic  but  not  elevated  salt 
concentrations  and  the  UV  cross-linking  studies 
confirmed  that  the  binding  was  directly  due  to  DEF- 
3(gl6/NY-LU-12).  In  similar  studies,  the  related  rat 
SI- 1  protein  was  shown  to  bind  poly(G)  and  poly(U) 
RNA  (Inoue  et  ai,  1996).  While  the  homopolymer 
studies  demonstrate  that  these  proteins  can  bind  RNA 
they  are  not  designed  to  identify  more  specific  in  vivo 
targets. 

Interestingly,  similarity  among  RRMs  is  associated 
with  functional  similarity  (Kim  and  Baker,  1993),  For 
instance,  the  RRMs  of  proteins  associated  with 
hnRNAs  are  more  similar  to  each  other  than  to  the 
RRMs  of  proteins  involved  in  differentiation  (Kim 
and  Baker,  1993).  In  vertebrates,  Hu-family  proteins 
bind  to  A  +  U  rich  destabilizing  elements  in  the 
3'UTRs  of  certain  growth  factor  and  cytokine 
messages  affecting  message  stability  (Gao  et  al., 
1994;  Levine  et  al.,  1993).  Thus  for  example,  we 
might  expect  DEF-3(gl6/NY-LU-12)  to  be  involved  in 
the  regulation  of  splicing  or  message  stability  instead 
of  RNA  transport.  Consistent  with  this  possibility,  we 
found  DEF-3(gl6/NY-LU-12)  was  down-regulated 
during  granulocytic  differentiation  in  FDCPmix-A4 
cells  while  it  persisted  during  macrophage  formation 
(Hotfilder  et  al.,  in  preparation).  During  hematopoi¬ 
esis,  certain  key  transcription  factors  are  regulated  by 


alternative  splicing.  For  example,  Ikaros  is  an 
alternatively  spliced  zinc  finger  transcription  factor 
required  for  lymphoid  development  which,  when 
knocked  out,  results  in  an  excess  of  monocytes  and 
macrophages  (Wu  et  al.,  1997).  In  our  Northern 
analysis,  DEF-3(gl6/NY-LU“12)  expression  was  con¬ 
siderably  higher  in  certain  lymphoid  tissues  (thymus 
and  lymph  node)  compared  to  bone  marrow  which  is 
predominantly  composed  of  myeloid  and  erythroid 
lineages.  DEF-3(gl6/NY-LU-I2)  is  predicted  to  be  a 
nuclear  factor  based  on  its  nuclear  localization  signal. 
Also,  its  coiled-coil,  zinc  finger,  KEKE  and  putative 
POZ  domains  suggests  it  might  interact  with  several 
proteins. 

DEF-3(gl6/NY-LU-12)  and  the  related  LUCA  15 
are  co-deleted  in  three  SCLC  cell  lines  with  homo¬ 
zygous  deletions  involving  3p21.3.  We  have  shown  that 
DEF-3(gl6/NY-LU-l2)  is  located  at  the  telomeric 
boundary  of  the  common  deletion  region  defined  by 
these  SCLCs.  The  Hu  syndrome  is  a  paraneoplastic 
neuropathy  and  encephalomyelitis  associated  with 
high-titre  antibodies  directed  against  the  RRMs  of 
Hu-proteins  (Dalmau  et  al,,  1992).  In  the  majority  of 
reported  cases,  the  associated  tumor  was  lung  cancer 
and  most  were  small-cell  carcinomas,  although 
adenocarcinoma  was  also  observed  (Dalmau  et  ai, 
1992).  High  litre  anti-Hu  antibodies  appear  to  confer 
an  anti-tumor  eflfect  (Dalmau  et  aL,  1992)  and  even 
low-titre  antibodies,  which  occur  in  16%  of  SCLC 
patients,  have  apparent  anti-tumor  activity  (Graus  et 
aL,  1997).  It  is  interesting  in  this  regard  that  while  no 
mutations  in  HuD  were  observed  in  lung  cancers 
(Sekido  et  aL,  1994),  another  Hu  family  gene,  Hel-Nl, 
is  located  in  a  novel  deletion  region  on  9p  (Cairns  et 
al.^  1997).  Therefore,  we  were  interested  in  determining 
if  anti-Hu  antibodies  cross-reacted  with  the  DEF- 
3(gl6/NY-LU-12)  or  LUCA  1 5  RRMs.  Our  findings 
demonstrate  they  do  not. 

During  preparation  of  this  manuscript,  Giire  et  al. 
(1998)  identified  NY-LU-12/gl6,  the  same  gene  as 
DEF-3(gl6/NY-LU-12),  on  the  basis  of  an  auto¬ 
logous  antibody  from  a  patient  with  adenocarcinoma 
of  the  lung.  No  tumor  specific  mutation  was 
identified  in  NY-LU-12/gl6  as  a  possible  explanation 
for  the  reactive  antibodies  although  LUCA  15  was  not 
examined.  Moreover,  these  authors  found  that  two  of 
21  lung  cancer  patients  had  anti-NY-LU-12/gl6 
antibodies.  The  cDNA  clone  which  reacted  with  the 
patient's  serum  was  reported  to  contain  952 
nucleotides  of  C-ter  coding  sequence.  While  this 
would  exclude  the  RRM  domain  as  targets,  the  C- 
ter  region  demonstrates  considerable  similarity  among 
DEF-3(gl6/NY-LU-12)  related  family  members. 
Thus,  it  is  possible  that  anti-DEF-3(gl6/NY-LU-12) 
antibodies  might  be  cross-reactive  against  LUCA  15. 
We  previously  reported  that  two  of  19  adenocarci¬ 
nomas  contained  homozygous  deletions  using  a  FISH 
probe  from  the  H.SemalV  locus,  also  within  the 
3p2l.3  deletion  (Varella-Garcia  et  al.,  1997).  If  anti- 
DEF-3(gl6/NY-LU-12)  or  anti-LUCA15  antibodies 
have  an  anti-tumor  effect,  then  a  co-deletional  event 
would  remove  both  potential  cross-reactive  antigens. 
Also,  the  deletions  we  observed  occurred  in  only  a 
portion  of  the  tumor  cells  and  would  likely  be  missed 
by  PCR.  Thus,  it  is  possible  that  an  anti-tumor  effect 
from  antibodies,  or  other  forms  of  immunity,  directed 
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against  DEF-3(gI6/NY-LU-l2)  or  LUCA  1 5  might 
occur  in  some  patients  with  lung  cancer. 


A  74  bp  trapped  exon  from  the  cDNA  clone  LI -204 
(Roche  et  al.,  1996)  was  99%  identical  to  a  partial  mouse 
def-3  sequence  (Acc  No  X9670I)  which,  in  turn,  provided 
linkage  to  the  human  gl6  partial  cDNA  deposited  by  Latif 
et  al.  (U50839).  From  analysis  of  dbEST,  clone  zq05f07.sl 
from  a  Stratagene  muscle  cDNA  library  was  obtained  and 
completely  sequenced.  For  the  5'  end,  nested  gene  specific 
primers  5'-TCC  CCT  CCT  CGA  TAG  TCA  CC  and  5 - 
CCA  TAG  CTG  AAA  GAA  TGC  TCC  were  used  with 
T3  and  T7  vector  primers  (each  at  1  ^m)  to  amplify 
products  from  DNAs  prepared  from  a  fetal  brain  cDNA 
library  (Statagene,  #936206).  PCR  reactions  were  per¬ 
formed  under  65°C-55°C  touch-down  conditions  (AT  of 
—  I.O'^C  per  2  cycles  for  20  cycles,  followed  by  15  cycles  at 
55°C).  Products  were  cloned  into  a  T-vector  prepared  from 
pBluescript  II  KS  and  sequenced  on  an  ABI377  through 
the  University  of  Colorado  Cancer  Center  DNA  Sequen¬ 
cing  Core. 

The  mouse  DEF-3(gl6/NY-LU-12)  sequence  from  nucleo¬ 
tides  1225-3593  (Acc  No  AJ006486)  was  assembled  from  our 
original  clone,  mdef-3  (Acc  No  X96701),  and  two  ESTs  (Acc 
Nos  AA268319  and  AA086694);  the  latter  was  obtained  from 
the  UFC  HGMP  Resource  Centre  (Cambridge)  and  its 
complete  sequence  determined.  A  gap  between  the  ESTs 
was  bridged  by  RT-PCR  using  brain  m.RNA  isolated  from 
strain  C57/BI/6  and  gene  specific  primers  GSP3  (5'- 
ATG  AAC  TCA  GGA  AAC  GGC  ACG)  and  GSP6  (5  - 
AGG  CTT  CCC  CTC  ACT  GGT  ACT  TT).  The  products 
were  diluted  1 : 10  and  reamplified  under  the  same  conditions 
using  internal  primers  GSP4  sense,  5'-AGG  GAA  GGG  CT- 
T  ACT  TTC  CGA  and  GSP5  antisense,  5'-TTG  CTA  TTT  - 
GAC  TTT  CCT  TGA  CTG  GTA.  For  these  experiments, 
RNA  was  prepared  using  the  QuickPrep  Micro  mRNA 
Purification  K.it  (Pharmacia,  Cat  No  27-9255-01)  and  reverse 
transcription  was  performed  on  random  primed  template  as 
per  the  5'  RACE  system  Version  2.0  protocol  (Gibco,  Cat  No 
18374-058).  PCR  conditions  included  30  cycles  for  each 
round,  an  annealing  temperature  of  59°C  and  Exo"  Pfu 
DNA  polymerase  and  buffer  (Stratagene,  Cat  No  600163). 
The  final  products  were  cloned  into  the  T-vector,  pCR2.l 
(Invitrogen,  Cat  No  K2030-01)  and  sequenced  using  the  LI- 
COR  4200  System  (MWG-Biotech,  UK). 

Nucleotides  1-264  were  obtained  by  RACE  using  nested 
gene  specific  primers  GSP25  [5'-TCC  ATA  GCT  GAA  AG  A 
ATG  CTC  C-3']  and  GSP32  [5^AAA  GGG  AGG  TCC 
TGA  ATG  CCC  CTG  GAA  ATC-3']  corresponding  to  nl 
411-432  and  nt  370-399  respectively,  of  the  human  gene. 
The  forward  RACE  primer  was  the  Abridged  Anchor 
Primer  (Gibco,  5'-GGC  CAC  GCG  TCG  ACT  AGT 
ACG  GGI  IGG  GII  GGG  IIG-3').  A  separate  Race  primer 
was  used  for  the  second  stage  PCR;  the  Abridged  Universal 
Anchor  Primer  (5'-GGC  CAC  GCG  TCG  ACT  AGT  AC- 
3').  Nucleotides  654-  1224  were  similarly  obtained  by  RACE 
using  gene  specific  primers  GSPl  (5'-TCT  GGA  ACC  CCA 
CTT  AAT  CGA  ATA  A-3')  and  GSP2  (5'-TTC  TTT  AAA 
CAG  ACC  AGC  GTC  TGA  A-3').  For  both  experiments, 
PCR  conditions  consisted  of  [94''C  2  min,  (94  C  x  I  min, 
55'’C  I  min,  68°C  x  2  min)  for  30  cycles,  72X  x  10  min]  with 
the  LA  Taq  and  buffer  System  Takara  Shuzo  Co., 
Biowhittaker  UK  Ltd).  Final  products  were  cloned  into 
the  pGEMT  vector  for  sequencing.  The  remaining  nucleo¬ 
tides  265-653  were  from  mouse  EST  sequence  (Acc  No 
AF064939)  kindly  provided  by  Dr  C  Kappen  (Scottsdale. 
AZ.  USA). 


Materials  and  methods 

Cloning  of  DEF-3(gl6INY-LU-l2) 
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Cloning  and  purification  of  bacterially  produced  RRM  proteins 

The  following  PCR  primers,  forward  (5'-GGA  ATT  C- 
GA  TGC  CCA  ACG  GGA  C)  and  reverse  (5'-AAC  - 
TAA  AGC  TTA  GCA  TAA  TCT  GGA  ACA  TCA  TAT- 
GGA  TAG  TGG  TCA  GAA  TGG  TC)  containing  EroRI 
and  HindlW  sites,  respectively,  were  used  to  amplify  a 
segment  containing  both  RRMs  from  amino  acids  435- 
752  of  DEF-3(gl6/NY-LU“I2).  The  reverse  primer  also 
contained  an  HA>tag.DNA  from  a  colony  purified  cDNA 
clone  of  zq05f07.sl  served  as  template.  The  PCR  products 
were  digested  with  E’coRI  and  HindiW,  cloned  in-frame 
using  the  bacterial  expression  vector,  pRSETB  (Invitro- 
gen),  and  verified  by  DNA  sequencing.  This  construct 
which  includes  vector  derived  T7  Tag  and  polyhistidine 
segments  along  with  the  HA-tag  and  17  amino  acids  of 
downstream  vector  sequences  is  expected  to  produce  a 
protein  of  approximately  44  kDa.  Recombinant  protein 
was  produced  in  BL2llys  S  cells  (Novagen)  and  purified 
using  a  Talon  resin  (Clontech)  with  imidazole-based  buffers 
for  native  6xHis  protein  purification  as  recommended  by 
the  manufacturer  (Protocol  #PT  1320-1). 

Similarly,  the  entire  HuD  coding  sequence  and  the 
LUCA  15  sequence  from  amino  acids  90-357  which  includes 
both  RRM  domains  were  PCR  amplified  from  fetal  brain 
cDNA  library  DNA  as  above  and  cloned  into  pRSETB. 
Sequence  verified  constructs  were  expressed  and  purified 
as  above  except  that  recombinant  HuD  protein  ap|>eared 
to  require  purification  in  denaturing  conditions  for 
optimal  yields.  The  primer  sequences  were  HuD_for 
(CGG  GAT  CCG  GTT  ATG  ATA  ATT  AGC  ACC  ATG- 
G),  HuD_rev  (CTC  CCG  CTC  GAG  TCA  GGA  CTT- 
GTG  GGC  TTG  G),  LUCA15^AA90Jor  (CGG  GAT  CC- 
G  ATC  AGT  GAC  GAG  AGG  GAG  AGC)  and  LUCA 
l5^AA357^rev  (CTC  CCG  CTC  GAG  TCA  GTC  AAC- 
ACT  GAC  TCC  TTC  ACC  AC).  The  predicted  sizes  of  the 
recombinant  proteins  were  45  kDa  for  HuD  and  LUCA  15, 
33  kDa. 

Western  blots  and  testing  of  anti- HuD  antisera 

Recombinant  DEF-3(gl6/NY-LU-12),  LUCA15  and  HuD 
proteins  were  separated  on  12%  SDS-polyacrylamide 
(29:1)  gels  and  transferred  to  nitrocellulose  filters. 
Blocking  was  performed  with  1%  (wt/vol)  I-BLOCK 
(Tropix,  Bedford,  MA,  USA)  overnight,  washed  three 
times  (5  min  each)  in  phosphate  buffered  saline  (PBS),  and 
incubations  with  primary  antibodies  were  carried  out  in 
PBS  containing  0.1%  (vol/vol)  Tween-20  for  I  h  at  room 
temperature.  The  filters  were  washed  as  above,  then 
similarly  incubated  with  alkaline  phosphatase  conjugated 
secondary  antibodies.  After  final  washing  the  filters  were 
developed  using  Pierce  (Rockford,  IL,  USA)  1-slep  NBT/ 
BCIP.  The  primary  antibodies  were:  (1)  T7  Tag  (Novagen, 
Madison,  WI,  USA,  #69522-3)  at  1:10  000  dilution,  a 
mouse  monoclonal  directed  at  the  T7  gene  10  leader 
sequence  encoded  by  pRSEB;  (2)  I2CA5  (Boehringer- 
Mannheim,  #1583816)  at  I  //g/ml,  a  mouse  monoclonal 
directed  at  the  HA  peptide;  (3)  human  sera  from  ten  SCLC 
patients  with  the  Hu  syndrome,  previously  documented  to 
contain  anti-HuD  antibodies,  used  at  1:1000  dilution.  The 
secondary  antibodies  were:  (1)  rabbit  anti-mouse  AP- 
F(ab')2,  used  at  1:5000  dilution  (Zymed,  San  Francisco, 
CA,  USA,  #61-6322);  (2)  goat  anti-human  IgG  used  at 
1:2500  dilution  (Jackson  ImmunoResearch  Labs,  #109-055- 
003). 

Binding  of  RRM  proteins  to  RNA  Honwpolymers 

The  pRSETB  constructs  described  above  were  used  as 
templates  for  the  production  of  ^*S-labeIled  protein  by  in 
vitro  transcription/translation  with  the  TnT  System 
(Promega,  Madison,  WI,  USA)  under  conditions 


specified  by  the  manufacturer.  As  a  negative  control 
for  RNA  binding,  firefly  luciferase  (61  kDa)  was 
translated  using  the  template  provided  in  the  TnT  kit. 
Binding  of  '^S-labelled  proteins  to  poly(A)  (Sigma  #P- 
8708),  poly(U)  (Sigma  #P-8563),  poly(G)  (Sigma  #P- 
1908)  and  poly(C)  (Sigma  #P-9827)  RNA  homopolymers 
was  performed  as  utilized  by  Ohno  et  al.  (1994).  Binding 
was  similarly  examined  using  single-stranded  (Sigma  #D- 
8273)  and  double-stranded  (Sigma  #D-8151)  DNA 
resins.  The  control  resins  were  Sepharose  CL-4b-200 
(Sigma),  Cellex  410  cellulose  powder  (BioRad  Labs)  and 
polyacrylhydrazido-agarose  (Sigma  #P-9282).  Ten  per 
cent  of  the  in  vitro  transcription/translation  reaction  in 
0.5  ml  of  0.1  M  NaCl/10  mM  Tris  (pH  7.5J'-was  added  to 
25  p\  of  each  resin  previously  equilibrated  in  0.1  M 
NaCl/10  mM  Tris  (pH  7.5)  and  another  10%  was  saved 
for  direct  loading  on  the  gel.  The  mixture  was  rotated 
at  4^  for  1  h,  then  briefly  pelleted  and  the  supernatant 
removed.  The  resin  was  briefly  washed  two  times  with 
0.5  ml  of  0.1  M  NaCl/10  mM  Tris  (pH  7.5),  then  two 
more  times  for  20  min  each.  In  a  separate  experiment 
with  DEF-3(gl6/NY-LU-12),  binding  to  the  poly(G) 
homopolymer  was  tested  in  the  presence  of  0.5  M 
NaCl/10  mM  Tris  (pH  7.5),  but  washed  as  above.  Forty 
^1  of  IxSDS-PAGE  sample  buffer  was  added  to  the 
washed  resins  and  heated  in  a  100°C  dry  block  for 
5  min.  Samples  were  electrophoresed  in  a  9%  poly¬ 
acrylamide  gel,  fixed  in  10  volumes  of  10%  (vol/vol) 
glacial  acetic  acid  for  20  min  and  neutralized  in  a  dilute 
(4  mM)  NaOH  solution  (until  the  bromophenol  blue  dye 
began  to  return  to  a  blue  color).  The  gel  was  soaked  in 
1  M  salicylate  for  30  min,  dried  and  exposed  to  Kodak 
X-OMAT  AR  film.  For  the  UV  cross-linking  experi¬ 
ments,  following  the  binding  and  washing  of  ”S-labelled 
DEF-3(gl6/NY-LU-12)  with  the  poly(G)  homopolymer 
or  control  polyacrylhydrazido-agarose,  the  washed  resin 
was  placed  in  a  petri  dish  and  exposed  to  emissions 
from  a  15-watt  germicidal  lamp  (Sylvania  G15T8,  GTE 
Sylvania  Inc,  Danvers,  MA,  USA)  at  a  distance  of 
4.5  cm  for  10  min.  Non-covalently  bound  DEF-3(gl6/ 
NY-LU-12)  was  recovered  and  analysed  as  above. 


Cell  lines,  probes  and  hybridizations 

The  SCLC  cell  line  GLC20  (Kok  et  aL^  1994)  was  kindly 
provided  by  Dr  Charles  Buys.  The  SCLC  lines  NCI-H740 
and  NCI-HI450  were  obtained  through  the  University  of 
Colorado  Lung  Cancer  SPORE  and  Drs  Adi  Gazdar  and 
John  Minna.  DNA  from  the  human  cell  line  GM2644  was 
used  as  a  normal  control.  The  cell  lines  were  grown  in 
RPMI-1640  containing  10%  fetal  calf  serum.  For  South¬ 
ern  blot  analysis  of  DEF-3(gl6/NY-LU-l 2),  a  677  bp 
probe  was  generated  using  the  primers  5- 
CAC  TTC  CCT  TTG  ATT  TCC  AG  (bp  359-378)  and 
5'-TAC  AAG  ATC  CCA  TCT  CTC  TGC  C  (bp  1037- 
1015)  with  the  PCR  conditions  described  above.  For 
LUCA  15,  a  PCR  derived  probe  was  obtained  from  bp 
2055-2561  (accession  #U23946)  using  the  forward  and 
reverse  primers  5'-GAC  CAC  TTC  TTG  TGC  TCC  TTG 
and  5'-AGT  CAG  GCA  CCA  GCA  ACA  CT.  The 
H29465  primers  from  the  3'  portion  of  DEF-3(ul  6/NY- 
LU-12)  (bp  2791  -2871)  were  5'-TTT  CAG  GAA  A  AT  GC- 
C  AGT  GA  and  5'-TTC  CTT  CTT  CAC  AGT  AG- 
G  AGG  C.  Southern  blot  hybridizations  were  performed 
at  65‘’C  using  a  charged  nylon  membrane  (Amersham)  in 
Amasino  buffer  (Amasino,  1986).  Washings  were  per¬ 
formed  two  times  for  15  min  at  65°C  in  O.lxSSC/0.1% 
SDS.  Northern  blots  containing  approximately  2  pg  of 
poly(A)'  RNA  per  lane  from  human  and  mouse  tissues, 
as  well  as  a  human  RNA  dot  blot  (RNA  Master  blot), 
were  obtained  from  Clontech  and  utilized  under  condi¬ 
tions  suggested  by  the  supplier. 
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DN A  sequence  analysis 

Protein  motifs  were  found  using  the  PRINTS  protein  motif 
fingerprint  database  (http;//www. biochem.ucLac.uk/bsm/ 
dbbrowser/PRINTS/PRINTS.html),  Statistical  Analysis  of 
Protein  Sequences  al  the  Swiss  Institute  for  Experimental 
Cancer  Research  (ISREC)  (http://ulrec3.uniLch/software/ 
SAPS_form.html),  and  through  alignments  of  DEF-3(gl6/ 
NY-LU-12)  family  members  using  the  PASTA  and 
BESTFIT  programs  from  the  GCG  package.  Coiled-coils 
were  located  using  COILS  at  ISREC  (http://ulrec3.unil.ch/ 
software/COILS_form.html).  Secondary  structure  was 
predicted  using  the  Baylor  College  of  Medicine  SSP 
program  (http://dot/imgen.bcm.tmc.edu:933 1  /psspredic- 
tion/pssp.html),  and  tertiary  structure  alignments  were 
done  using  the  UCLA-DOE  fold  recognition  server 
(httpiZ/fold/doe-mci. ucla.edu/Home).  Database  searches 
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